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Abstract  
Although industrial osmotic processes are often referred to as ‘novel’, the possibility for 
osmotic power generation has been suggested as early as the 1970s. Today forward osmosis 
is attracting significant interest and this interest has resulted in intensive research. Forward 
osmosis has been suggested as viable separation process, with numerous potential 
applications – from osmotic drug delivery and concentration of liquid foods to water 
purification and re-use in space. Particularly interesting is the possibility of seawater 
desalination by forward osmosis, as the process is claimed to require little or no pre-treatment 
of the feed water, due to minor membrane fouling. This alone is a significant advantage over 
reverse osmosis.   
Within the oil and gas sector, research conducted in the last couple of years shows that low 
salinity waterflooding can result in enhanced oil recovery, and therefore the industry is 
searching for new possibilities for off-shore based production of low salinity water. Due to 
the fact that forward osmosis operates at atmospheric pressure and requires no pressure 
vessels, the process can be utilized for seawater desalination where low overall equipment 
weight is required – off-shore oil platforms for example.  
This thesis is focused on the development of membranes for water desalination by forward 
osmosis, and estimation of the requirements (approximate membrane area and volume) for 
seawater desalination by a two-stage membrane based forward osmosis – nanofiltration 
process. 
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Abbreviations  
AFM – Atomic force microscopy  
AL-DS (or PRO mode) – orientation of membrane in forward osmosis. The active (top) 
separation layer of the membrane is contacting the draw solution.  
AL-FS (or FO mode) - orientation of membrane in forward osmosis. The active (top) 
separation layer of the membrane is contacting the feed solution. 
BSA – bovine serum albumin  
CA – cellulose acetate 
CEOP – cake-enhanced osmotic pressure 
CNT – carbon nanotube 
CP – concentration polarization  
DIW – de-ionized water  
DLVO - Derjaguin-Landau-Verway-Overbeek (DLVO) theory of colloidal stability 
DMAc – dimethyl acetamide  
DMF – dimethyl formamide  
ECP – external concentration polarization  
EOR – enhanced oil recovery  
FO – forward osmosis, not to be confused with ’FO mode’   
GOR – gain output ratio  
HSP – Hansen solubility parameter  
HTI – Hydration Technologies Inc.  
HTI CA – refers to cellulose acetate FO membrane produced by HTI  
HTI TFC – refers to thin film composite FO membrane produced by HTI  
ICP – internal concentration polarization  
IPA – isopropanol  
LSW – low salinity water  
MOD – manipulated osmosis desalination  
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MWCO – molecular weight cut-off  
NF – nanofiltration  
NOM – natural organic matter  
OW – Oasys Water  
OW TFC – refers to thin film composite FO membrane produced by Oasys Water  
PAI – polyamide-imide 
PAN - polyacrylonitrile 
PBI - polybenzimidazole 
PEI – polyethylene imine  
PEMFC – proton exchange membrane fuel cell  
PET – Polyethylene tetraphtalate  
POSS – polyhedral oligomeric silsesquioxane 
PRO – pressure-retarded osmosis, not to be confused with ‘PRO mode’  
PSf – polysulfone  
PVA – polyvinyl alcohol  
PVDF – polyvinylidene fluoride  
PVP - polyvinylpyrrolidone 
RED – reverse electro dialysis  
SEM – scanning electron microscopy  
TDS – total dissolved solids  
TEM – transmission electron microscopy  
TFC – thin film composite  
19 
PhD Thesis – Ruslan Kochanov  
Imperial College London 
Nomenclature 
A – water permeability, L.m-2.h-1.bar-1  
A, B and C – parameters of ABC power spectral density model  
a, b and c – parameters of Sh=f(Re, Sc) relationship  
C – concentration, g.L-1, kg.m-3 
C* - solubility, g.L
-1
 
D – diffusivity, m2.s-1 
H – partitioning coefficient  
h – hydraulic diameter  
i – Van’t Hoff factor 
J – water or solute flux, L.m-2.h-1 or g. m-2.h-1 
K, k – mass transfer coefficient, m.s-1 
M – molar concentration 
P – applied pressure, bar 
R – gas constant or rejection  
S – membrane structural parameter, m  
T – temperature, K 
t – thickness, m  
V – volume, L or m3 
 
Greek letters  
π – osmotic pressure, bar  
µ - viscosity, Pa.s  
γ – PSD spectral indices 
Δ – difference 
ε – porosity  
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λ – friction coefficient  
τ – pore tortuosity  
φ – osmotic coefficient, bar.m3.kg-1 
 
Indexes  
DS or hi – denotes draw solution (high osmotic pressure side of the membrane) 
f – feed  
FS or low – denotes feed solution (low osmotic pressure side of the membrane) 
p – permeate  
s – solute  
w – water  
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1.1.  Overview and scope of the thesis 
The demand for potable water and fresh water for use in industry has been driving the 
development of water desalination techniques forward during the years. At present reverse 
osmosis (RO) is widely used, as the process requires significantly less (sometimes less than 
50% ) energy input than multi stage flash and multi effect distillation, for example. Instead of 
a thermal phase separation, in reverse osmosis desalination water is forced through a 
membrane by hydraulic pressure. The osmotic pressure difference between the almost pure 
water permeating through the membrane and the concentrated salt water on the other side of 
the membrane is the main resistance. This osmotic pressure differential alone is enough to 
induce water transport through the membrane, and according to the second law of 
thermodynamics, the transport will occur towards the more concentrated solution. It is 
therefore possible to use this osmotic pressure difference occurring between solutions with 
different salinity to effectively induce water transport across a semi-permeable membrane. 
This process is widely known as forward or direct osmosis (FO), which in the recent years 
has gained enormous interest from scientific communities around the world, as well as from 
various industrial sectors.  
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It is clear that a process like RO relying on hydraulic pressures 30 to 50 and more times 
higher than atmospheric will be less energy efficient than one requiring only a concentration 
gradient. This however is only true for a handful of applications of FO, such as dewatering 
and concentrating of small volumes of fluids, where the products are one concentrated and 
one diluted stream. In order for FO to rival other technologies and become an established 
industrial process it needs to be coupled with another process, offering effective recovery of 
the high-osmotic pressure draw agent, and this will undoubtedly mean that the combined 
process is energy demanding.  
In general forward osmosis requires less feed pre-treatment than reverse osmosis, since due to 
the mild process conditions membrane fouling is less pronounced. This, along with the fact 
that the process does not require pressure rated vessels to be operated means that the process 
can potentially be a feasible alternative to RO desalination when low equipment weight and 
volume are among the main requirements.   
The project sponsors (BP) have developed a unique low-salinity waterflooding technique for 
enhanced secondary oil recovery and are therefore interested in the development of a 
seawater desalination technology that is more compact and lighter than RO.  
The feasibility of a combined forward osmosis – nanofiltration process for off-shore based 
water desalination, as potential alternative to reverse osmosis is discussed in this thesis. Work 
on development of high performance forward osmosis membranes with improved structural 
properties, and evaluation of their fouling behaviour is presented. The requirements of FO-
NF desalination in terms of membrane area and volume are evaluated based on the 
performance of these and some commercially available FO membranes. Possible strategies 
for intensification of the process and development of improved FO membranes are outlined.         
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1.2.  Background and literature review  
1.2.1.   Membrane technology 
According to Sydney Loeb, one of the inventors of the first asymmetric cellulose acetate (CA) 
membrane for reverse osmosis (RO), ‘accomplished research frequently appears as a marvel 
of logically sequential steps’ [1].  
From today’s point of view the question whether the invention of the asymmetric integrally 
skinned CA membrane and RO (or any other membrane separation process) was ‘a marvel of 
logically sequential steps’ or just luck (as many other discoveries) is irrelevant, as since its 
inception in the middle of last century membrane technologies and RO have been established 
as the main water desalination and purification process worldwide. The driving force behind 
this formidable progress becomes obvious when the energy requirements of RO are compared 
to the requirements of some traditional desalination techniques, as indicated in Table 1.1.  
Another major breakthrough in the field of membrane-based separations was the invention of 
a new type of membrane – thin film composite (TFC), first reported in the early 1980s by 
Cadotte [2, 3]. The idea behind Cadotte’s work is simple - a conventional asymmetric 
polymeric membrane (a Loeb-Sorirajan type of membrane) needs small enough pores (along 
with many other properties, such as surface charge, hydrophilicity, etc.) to offer good enough 
separation of salt ions. The small pores however also mean low flux through the membrane. 
Cadotte instead decided to use a microporous asymmetric membrane to support a thin 
(several tens of nanometers) polyamide selective layer, prepared by interfacial 
polymerization. The thin film is responsible for salt separation and usually has significantly 
higher flux than a conventional membrane. Cadotte’s thin film composite membrane is 
universally used today [4] for desalination, as well as for various other membrane processes, 
such as organic solvent nanofiltration for example [5].  
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steam; (3) Assuming that pressure in the condenser of a large commercial steam turbine is kept at 0.1 bar at a seawater 
temperature of 35 °C and steam extraction pressure is some 3.5 bar (loss is 475 kJ.kg
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in the condenser of a large commercial steam turbine is kept at 0.1 bar at a seawater temperature of 35 °C and steam 
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-1
 steam); (5) Assuming that pressure in the condenser of a large 
commercial steam turbine is kept at 0.1 bar at a seawater temperature of 35 °C and steam extraction pressure is some 
0.5 bar (loss is 258 kJ.kg
-1
 steam). GOR – Gain Output Ratio 
 
Currently, after more than half a century of development, membrane separations and 
especially RO are well established technologies. Installed RO capacity has been growing 
exponentially and in the same time the membrane cost, salt passage and RO energy 
consumption have been reduced to only around 1/10th of the values from the 1970s [7]. This 
progress means nowadays RO finds wide application for water treatment and desalination in 
industry, as currently more than half (53%) of the desalination capacity worldwide is based 
on RO - far more than traditional processes Multi-Stage Flash (25%) and Multi Effect 
Distillation (8%) [8]. The reverse osmosis field is very dynamic, with new possibilities and 
interesting materials, such as carbon nanotube (CNT) and graphene [9, 10, 11, 12] emerging. 
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CNT membranes are interesting for desalination as according to reports the smooth 
hydrophobic inner wall of each nanotube allows spontaneous uninterrupted passage of water 
molecules with minimal absorption. Majumder et al [13] for example report on frictionless 
movement of water molecules through a 7 nm CNT. The permeation velocities reported vary 




 which is several orders of magnitude higher than conventional 





Graphene membranes on the other hand offer a completely different set of properties. 
Graphene sheets are only one carbon atom diameter thick and with perfectly organized 
structure. There are suggestions and numerical studies [14, 15] showing that graphene might 
outperform even CNT membranes. If these theoretical studies are backed up by additional 
experimental results, then undoubtedly the future of membrane technologies lies with 
graphene.    
In addition to the development of new and improved materials, the membrane community 
worldwide is also very active in finding new applications for membranes, either by 
implementation of membranes in already existing industrial processes, or by creating entirely 
new processes which are only possible due to the unique inherent properties of membranes.  
Fuel cells for example are already well established and applied for household power 
generation, and are gaining a foothold in the automotive industry. Polymer-Electrolyte 
Membrane (PEM) fuel cells efficiently convert the chemical energy stored in hydrogen fuel 
to electricity with water forming as the only by-product [16]. Other highly regarded 
membrane-based power generation processes are reverse electrodialysis (RED) and pressure-
retarded osmosis (PRO). Both processes capture energy of salinity gradients, which occur 
between high- and low-salinity streams, for example fresh (river) and salty (sea) water. RED 
membranes allow ion transport, but not water, and the electrical current generated is captured 
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directly from the flow of ions [17]. PRO membranes on the other hand allow flow of water, 
but not ions. Due to the different salinity (i.e. chemical potential) of the two streams water 
permeates through a membrane towards the high salinity stream. This permeating water is 
used to drive turbines and generate electricity [18].  
Although the above mentioned technologies are still relatively young and require significant 
improvements before commercialization, they are regarded as exciting ‘green’ alternatives to 
fossil fuels.  
Other important areas membrane technologies have been applied to include membrane 
bioreactors [19], purification of pharmaceutical ingredients and separations in harsh 
environments [20, 21], assist chemical synthesis [22, 23, 24].  
1.2.2.  Osmosis as an industrial process   
Osmosis in living organisms was first described in 1748 by Jean-Antonine Nollet – a French 
abbot, who later decided to devote his life to science and became the first professor of 
experimental physics at the University of Paris. Two and a half centuries later science 
managed to explain this natural phenomenon and in 2003 the Nobel Prize was awarded to 
Peter Agre for the discovery of aquaporins. Aquaporins, intrinsic proteins embedded in the 
cell wall, are solely responsible for the osmotic movement of water and small uncharged 
solutes through the cell wall of a living micro organism. The incredible properties of 
aquaporins – capable of transporting around one billion water molecules through a single 
Aquaporin 1 molecule, while charged solutes are perfectly excluded, make them very 
attractive for water desalination. A successful industrial implementation of aquaporins could 
improve productivity by an order of magnitude [25].  
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Industrial implementation of osmosis, or forward osmosis (FO), has been drawing attention 
from the scientific communities around the world since the mid 1970s when Moody and 
Kessler reported on the possibility of seawater desalination by FO [26]. The list of successful 
applications of FO on lab-scale is long, however some of the more interesting applications 
are concentration of liquid foods [27], removal of organic contaminants from water feeds [28, 
29], processing of activated sludge [30], osmotic pumps for drug delivery [31], emergency 
source water purification [32], and separation of stable emulsified oil particles from water 
[33].  
FO can also be used for water desalination as an alternative to RO [34, 35, 36]. FO is driven 
by a difference in osmotic pressure between high and low salinity solutions, which induce 
water transport across a semi-permeable membrane - the exact opposite of reverse osmosis, 
as the name suggests. According to reports FO might not bring significant advantages over 
RO in terms of energy requirements [37], but there are suggestions that due to the milder 
process conditions membrane fouling is less pronounced in FO [38], although the FO process 
is severely limited by concentration polarization effects which will be discussed next.  
1.2.3.  Mass transfer limitations in forward osmosis 
In FO a high salinity, i.e. high osmotic pressure ‘draw’ is used to create a chemical potential 
difference across a semi-permeable membrane. The membrane is also in contact with a low 
osmotic pressure ‘feed’ solution. Consequently water transport occurs from the low osmotic 
pressure ‘feed’, to the high osmotic pressure ‘draw’. Both solutions therefore are either being 
constantly diluted or concentrated, until the osmotic pressures of both become equal. To be 
continuously operated FO therefore needs constant supply of fresh draw agent, which of 
course means that in the most cases FO has to be implemented as a two-stage process. FO 
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and RO processes are compared in Figure 1.1, along with another osmotic process – pressure-
retarder osmosis (PRO).   
 
Figure 1.1: Flux-pressure diagram for FO, RO and PRO. (a) osmotic processes (FO, PRO, RO); (b) 
effect of dilution of brine on flux; (c) effect of increased membrane permeability on flux; (d) 
combined effects of diluted brine and increased membrane permeability on flux (adapted from [39]) 
As in any other membrane separation significant mass transfer resistances occur in FO due to 
concentration polarization (CP) effects. However here, the CP effects occur not only within 
the boundary layers on and around the membrane surface, due to non-ideal hydrodynamics, 
usually referred to as external concentration polarization (ECP), but also within the 
membrane itself (Figure 1.2).  
 
Figure 1.2: Concentration polarization in FO: external CP near the membrane surface and internal CP 
in the support of the membrane. AL-DS and AL-FS refer to membrane orientation, porous support 
facing the feed (AL-DS) or draw solution (AL-FS)  
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The latter concentration polarization effect is unique for conventional forward osmosis 
membranes and is known as internal concentration polarization or ICP. These effects, being 
usually the main mass transfer resistance in membrane separations of course have to be 
minimized. Since ECP is hydrodynamic related it is usually mitigated by suitable membrane 
module design and use of spacers. Improved hydrodynamics influence ICP as well [40], but 
the phenomenon is mainly related to the membrane structure (porosity, thickness, pore 
tortuosity) and membrane orientation, i.e. whether the porous support side of an asymmetric 
membrane is contacting the feed (AL-FS orientation, or FO mode) or the draw (AL-DS 
orientation, or PRO mode). The three mentioned main membrane structural characteristics 
are therefore summarized by a membrane structural parameter (S), which is related to the flux 
of a FO membrane by the following equations [41, 42]: 
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where Jw denotes water flux, B and A are salt and water permeability, repectively, the osmotic 
pressures of feed and draw are denoted as πFS and πDS, respectively, D is diffusivity. The salt 
permeability is usually obtained from RO experiments, as indicated by equation 1-5. The 
severity of ICP effects depend on the orientation of the membrane, hence the flux in either of 
the cases is described with a different equation (equation 1-1 for PRO mode or AL-DS, and 
equation 1-2 for FO mode or AL-FS). The reason for this is that ICP, depending on the 
membrane orientation will either lead to dilution of the draw, or concentration of the feed 
within the membrane structure. Both cases result in decreased effective driving force, 
however dilutive ICP, occurring in AL-FS orientation is usually more severe [43].  Either of 
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the equations shows that in FO only a fraction of the membrane permeability is utilized due 
to concentration polarization. As illustrated in Figure 1.3 the severe mass transfer resistance 
due to ICP in FO could be mitigated by decrease of the membrane structural parameter. 
Increased membrane permeability will also facilitate flux improvement; however this in most 
cases does not result in significant flux improvements. 
 
Figure 1.3: Relationship between FO flux and membrane permeability illustrating the usual severity 
of concentration polarization in forward osmosis  
At the same time, as will be demonstrated later, decrease of membrane structural parameter 
could significantly reduce ICP and favour high water transport through a FO membrane due 
to a higher effective driving force. A more detailed analysis of the nature of mass transfer in 
forward osmosis can be found in Chapter 5.  
1.2.4.   Draw agents  
Since forward osmosis is driven by chemical potential difference and it obeys the second law 
of thermodynamics, osmosis is a process requiring no energy input. The draw agent recovery 
method therefore dictates the overall energy requirement for every FO application. A suitably 
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chosen draw agent and recovery method is essential for achievement of any energy savings 
by FO-based separations. In a review paper Ge et al [44] summarize the requirements 
towards the draw agents for FO.  
The first requirement is that the draw agent should be able to generate high enough osmotic 
pressure in order to induce water transport through a membrane. According to the Morse 
equation used to estimate the osmotic pressure of a given solution (equation 1-6):   
         (1-6) 
where i is the Van’t Hoff factor, M is the molar concentration of the solute, R and T are the 
gas constant and temperature, respectively. Therefore it becomes obvious that compounds 
able to fully dissociate in water, providing high values for i, and good solubility, ensuring 
high M, are highly desirable as draw agents. The second requirement for FO draw agents is 
minimal reverse draw flux, as this leads to decreased driving force. Finally, the draw agent 
should be easy and cost effective to regenerate. 
Achilli et al [45] present a selection of inorganic draw agents for FO, summarized in Table 
1.2, and Table 1.3 lists several other draw agents along with the possible regeneration method 
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28 74.3 0.95 
42 109.1 0.99 
* Values not available in the literature 
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Table 1.3: Suggested in the literature draw agents  
Draw agent Recovery method Reference 
Fructose, glucose, sucrose Nanofiltration [46, 47] 
Ammonia-carbon dioxide Heating [48, 48] 
Magnetic nanoparticles External magnetic field [50, 51] 
Dendrimers Ultrafiltration [52] 
2-Methylimidazole based solutes Membrane destilation [53] 
Polymer hydrogels Hydrogel deswelling [54, 55] 
Polyelectrolytes Ultrafiltration [56] 
Organic salts Reverse osmosis [57] 
Zwitterions --- [58] 
Polyglycol copolimers Nanofiltration [59] 
 
Kim et al [60, 61], after screening of 4058 compounds from OLI and ASPEN databases, have 
selected 7 cost effective candidates, namely ammonium bicarbonate, ammonium hydroxide, 
methanol, ethanol, 2-butanone, methylacetate, 2-propanol, for FO desalination. The proposed 
draw recovery method is thermal distillation. The authors estimate that such a desalination 
process could produce water for less than $0.1 per ton. Both papers are worth mentioning 
also because they provide a valuable evaluation tool for comparison of different draw agents.  
1.2.5.  Process applications  
Albeit plenty of efforts have been made in the last years to minimize concentration 
polarization issues in forward osmosis and enhance process performance, a universal and 
industrially feasible solution is still not available. Despite this FO is indeed a hotly discussed 
topic, with numerous potential applications [38], some of which are concentration of ethanol 
[62, 63], liquid foods [64], protein solutions [65], anaerobic digester centrate [66] and 
dewatering of press liquor from orange production [67], microalgae [68], and nutrient sludge 
[69]. The most interesting applications of the process however are probably industrial 
wastewater treatment and desalination. These will be discussed below.  
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-  Wastewater treatment and treatment of complex streams  
FO has been successfully applied for treatment of complex waste water streams [70, 71] and 
recently applications of FO in the oil and gas industry have been reported. Hydraulic 
fracturing, or just fracking, is a process for shale gas extraction. The process is controversial 
and, as it involves high pressure fluid injection into the Earth’s crust, is believed to have 
caused earthquakes in areas with usually low seismic activity [72]. Fracking also uses large 
volumes of fresh water and generates heavily contaminated wastewater streams. A typical 
fracking fluid (Table 1.4) consists of more than 99% water and less than 1% additives, some 
of which are hazardous chemicals. Significant efforts are therefore needed to recover water 
and additives from fracking fluids before discharge (or reuse) in order to help mitigate the 
risk of pollution and minimize the environmental impact of the process.       
According to Coday et al [73] FO has been utilized on pilot and industrial scale by HTI for 
recovery of hydraulic fracturing (fracking) fluids. About 85% recovery of drilling wastewater 
is reported, with approximately 3500 mg.L
-1
 total dissolved solids (TDS). The wastewater 
stream was concentrated 5 fold up to around 16000 mg.L
-1
 TDS and highly purified water for 
re-use was produced. The system consisted of 24 8x40 inch spiral-wound membrane 
modules. Sodium chloride solution (6%) was used as draw. Flux decline of around 18% due 
to membrane fouling and increased feed water osmotic pressure was observed. Hickenbottom 
et al [74] conducted lab-scale experiments to show that 80% or more recovery of drilling 
wastewater is easily achievable. According to the authors membrane fouling does impact 
process performance, but no irreversible fouling was observed and flux was restored by de-
ionized water backwash or re-circulation.   
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Table 1.4: Typical hydraulic fracturing fluid composition in the United States according to 
www.FracFocus.org [75, 76] 
Additive Purpose Used chemicals Content, % 
Acid 
Dissolves minerals and 
initiates cracks 
Hydrochloric acid 0.070 
Corrosion 
inhibitor 
Protects casing from corrosion Isopropanol, methanol, others 0.050 
Biocide Eliminates bacteria 
Glutaradehyde, quarternary 
ammonium salts, others 
0.001 
Carrier fluid 




Allows a delayed break down 
of gels when required 
Magnesium peroxide, calcium 
chloride, others 
0.020 
Clay and shale 
stabilization 
Locks down clays in the shale 
structure 
Sodium chloride, others 0.034 
Crosslinker 
Maintains viscosity as 
temperature increases 
Petroleum distillate, 





Reduces friction effects over 
base water in pipe 
Polyacrylamide, methanol, others 0.050 
Gelling agent 
Thickens the water in order to 
suspend the proppant 




Iron chelating agent that helps 
prevent precipitation of metal 
oxides 
Citric acid, acetic acid, sodium 
erythorbate, others 
0.004 
Non-emulsifier Separates oil/water emulsions 





Maintains the effectiveness of 
other additives 
Sodium or potassium hydroxide, 
acetic acid, others 
Propping 
agent 
Keeps fractures open Sand, others 
Scale inhibitor Prevents scale in pipes 
Sodium polycarboxylate, 
phosphoric acid salts, others 
Surfactant 
Helps to improve fluid 
recovery 
Naphthalene, butoxyethanol, 
lauryl sulphate, others 
 
Reports on the process performance for brine concentration [77], removal of arsenic and 
heavy metal ions [78, 79], emergency water relief [80], direct potable reuse [81], as an 
alternative to membrane bioreactor processes [82, 83], are also available.  
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-  Desalination 
As forward osmosis only produces diluted draw and concentrated feed solution the process 
cannot be used for water desalination on its own, but only when paired with a secondary 
process for draw recovery and clean water extraction. FO could however assist reverse 
osmosis desalination - the possibilities here are several. Firstly osmosis could be used to 
dilute input streams to reverse osmosis desalination plants. As a result the operating pressure 
and energy consumed in RO would be lower. Additionally beneficial is the fact that impaired 
or waste water, which cannot be normally mixed with seawater streams (for example due to 
contaminants, etc), could also be subjected RO desalination or purification when FO is used 
together with RO. This application of forward osmosis has been experimentally proven to 
result in significant energy savings by Yangalli-Quintanilla et al [84], who report energy 
consumption of 1.5 kW.h.m
-3
 for FO-RO, compared to 2.5 - 4 kW.h.m
-3
 for RO only. 
Forward osmosis could be used in the same way to dilute brine exiting RO desalination 
plants, and in this case wastewater could be employed usefully. Such a utilization of FO will 
also reduce the environmental impact of RO, as diluted brines are considerably less harmful 
to marine life. Finally, FO could be used for osmotic cleaning of fouled RO membranes, thus 
potentially replacing some of the traditionally used chemical cleaning and membrane 
backflush [85]. The real benefits of such a process however are still being discussed. In depth 
analysis of RO and combined FO-RO desalination processes reveal that, at least in terms of 
power consumption any real advantages are unlikely. Altaee et al [86] estimate that the power 
consumption of FO process is only 2 to 4% of the overall power consumption of an FO-RO 
desalination, and that the overall power consumption of a FO-RO process is actually higher 
than RO alone. This conclusion was also reached by other authors [87]. 
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FO-RO could be competitive when applied for desalination of seawater with high salinity and 
therefore selection of draw solution and optimal process conditions is crucial. The latter have 
been investigated by Phuntsho et al [88]. According to the authors, the FO process is 
influenced not only by the osmotic pressure of the draw solution, but also by the type of draw 
used. This influence becomes less significant at higher osmotic pressures. They also 
hypothesize a critical concentration of the draw depending on the overall capital and 
operational costs of the FO desalination plant. A summarized correlation of flux, feed 
recovery rate, membrane area and pumping energy with the initial draw solution 
concentration is presented in Figure 1.4.  
 
Figure 1.4: Correlation of water flux, feed recovery, membrane area and pumping energy with initial 
draw solution concentration (adapted from [88]) 
Although it is unclear whether FO desalination will provide any real benefits to a traditional 
RO process, other methods involving FO are also interesting. McGinnis and Elimelech [89] 
have developed a FO desalination technique using a mixture of ammonia and carbon dioxide 
as draw. Moderate heating is employed for draw recovery as illustrated in Figure 1.5. The 
process has also been successfully applied for treatment of waters produced from natural gas 
extraction [90].  
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Another interesting implementation of FO for desalination is proposed by Altaee et al [91]. 
They theoretically investigate the feasibility of FO pre-treatment and removal of divalent ions 
from feed water and consequent thermal desalination by multi-stage flash or multi-effect 
distillation.   
 
Figure 1.5: A schematic of the ammonia-carbon dioxide FO desaination proposed by McGinnis and 
Elimelech (adapted from [90]) 
1.3.  Objectives and goals of the thesis  
The main goal of the thesis, along with the development of improved forward osmosis 
membranes, is to elucidate on the feasibility and applicability of a two-stage membrane-based 
process, consisting of a forward osmosis first stage and nanofiltration second stage, for off-
shore based seawater desalination, and to establish whether FO-NF desalination currently 
offers any advantages over RO for off-shore based water desalination. The project sponsors 
are seeking alternative to RO water desalination technology in order to ensure lower 
equipment weight, footprint and volume, thus minimizing capital expenses. The required 
water production rate and quality are summarised in Table 1.5. 
Table 1.5: Required product water quality and production rate as specified by the project sponsors 
Criteria Target value 
Water production rate, m3.h-1 665 
Feed water salinity, g.L-1 35 
Produced water salinity, g.L-1 0.5 - 3.5 
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The aims of this thesis can be summarised as:  
-  To evaluate the performance of existing desalination membranes in FO and 
propose new and improved membranes, capable of coping with the mass transfer 
limitations in FO.  
-  To investigate the nature of membrane fouling in FO and compare it to membrane 
fouling in RO.  
-  To develop and apply a FO performance model in order to estimate required 
membrane area based on the performance of commercial FO membranes, and 
membranes developed in the course of the project.  
The produced water is to be used for secondary oil recovery by waterflooding, which having 
been used for several decades is now a well established and known technique for secondary 
oil recovery. Research in the area over the last years has demonstrated that injection of water 
with sufficiently low salinity has a major impact on the oil production rate (Figure 1.6). The 
mechanism of additional oil release could be explained by the Derjaguin-Landau-Verway-
Overbeek (DLVO) theory of colloidal stability [92].   
Although the real benefits of enhanced oil recovery by low salinity waterflood are still 
disputed by industry and the scientific community [94, 95], there is strong interest in 
development of an off-shore based water desalination technology. The sponsors of the current 
project and other large oil companies [96] have already patented enhanced oil recovery by 
low salinity water injection [97, 98] and announced plans for integration of RO technology 
on off-shore oil platforms, BP Clair Ridge in The North Sea (Figure 1.7) and Mad Dog Phase 
2 located in the Gulf of Mexico, for example. 
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Figure 1.6: Production and cumulative production profiles for LoSal®EOR vs. conventional waterflood 
(adapted from [93]) 
 
Figure 1.7: Clair Ridge conceptual engineering options with and without LoSal® EOR (A): 1, 2, 3, 4, 5 – 
HP pumps, 6 – ultrafiltration RO feed pre-treatment, 7 – RO membrane modules, 8 – chemical 
dosing, 9-chemical pre-treatment. Integration of membrane desalination facilities into conventional 
offshore water systems (B) (adapted from [93]) 
The FO-NF process is schematically represented in Figure 1.8. Seawater feed enters the FO 
stage with little or no pre-treatment, where the osmotic pressure difference provided by high 
salinity draw solution induces flux across the FO membrane. The draw agent is continuously 
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diluted along the stage, while the feed is discharged out of the FO stage. The draw is then 
recirculated through the second stage, where with the help of nanofiltration membranes 
operating at pressure above the osmotic pressure of the draw, low salinity water is extracted.  
 
Figure 1.8: Schematic representation of a combined FO-NF process for low salinity water production 
from seawater 
Obviously, the production rate of low salinity water will be limited either by the flux in FO, 
or by the flux in the NF stage. Also obvious is that the membrane area and energy required by 
an FO-NF process will not be significantly different than that of RO desalination. The reason 
for this of course is the osmotic pressure of the feed water and the mass transfer 
characteristics of both processes. While in RO the effective mass transfer resistance (effective 
osmotic pressure) depends on the osmotic pressure of the feed water and the external mass 
transfer coefficients, the situation with FO is different, although external concentration 
polarization (ECP) has similar role in both processes. In FO however the flux decline induced 
by ECP is coupled with another type of concentration polarization - internal (ICP), which 
translates to additional reduction of the effective driving force and membrane flux. In the 
second stage the flux resistance will also be high, as the higher than seawater osmotic 
pressure of the draw agent means ECP effects and high energy costs due to increased 
operating pressure.  
Having in mind that due to the severe mass transfer limitations in forward osmosis, as will be 
discussed in Chapter 5 of this thesis, the membrane area requirements of a two-stage FO-NF 
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desalination are much higher than the requirements of RO desalination (calculations are 
based on performance data for commercial RO modules and are summarized in Appendix C) 
several possible strategies for FO-NF process intensification and development of improved 
FO membranes are listed below.    
-  Process improvements by different draw agent and submerged forward osmosis  
The unique mass transfer mechanism of FO means that higher applied driving force results in 
higher flux resistance due to ICP. Membrane flux thus does not increase proportionally when 
the osmotic pressure difference between draw and feed is increased. Also, in the case of FO-
NF desalination process the maximum driving force applied in FO is limited by the maximum 
allowable operating pressure in the second stage. As will be demonstrated later in this thesis 
these limitations mean that the required membrane area for FO-NF desalination is much 
higher than the requirements of a RO-based desalination.  
A potential strategy to minimize the required membrane area for FO desalination is the use a 
draw agent, different from the conventionally used salt solutions, and alternative draw 
recovery method. For example water soluble ionic liquids [99] which are capable of 
providing high osmotic pressures and are thermo sensitive [100] can be used as draw agents 
for FO desalination and recovered by heating or cooling.  The current work is not focused on 
development of novel draw agents for FO, and the main emphasis of the work carried out was 
membrane development. However, as visible from Figure 1.9 a draw agent capable of 
providing around 100 bar osmotic pressure would mean less required membrane area when 
compared to the values presented in Chapter 5 of this thesis. The maximum possible FO 
recovery in this case is around 60%.  
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Figure 1.9: Predicted FO performance and membrane area requirements with draw agent providing 
100 bar osmotic pressure  
The goal of the project is development of an off-shore based alternative to RO desalination 
method with the main design requirements being that the FO stage is lighter and smaller than 
conventional RO equipment, and therefore another strategy can be viable. Submerging the 
FO stage under the sea level and only placing the NF stage on an oil drilling platform could 
be a way of realizing the process without a significant breakthrough in membrane 
performance or draw agent engineering (Figure 1.10, top). This will mean reduced membrane 
area requirements (Figure 1.10, bottom), as driving force loss due to feed concentration will 
be minimized. Similar processes are reported [101].  
The expected FO fluxes in both cases were calculated using equations 1-2 and 1-3 for 
recovery ratios (the ratio of feed entering to feed exiting the FO stage) varying from 0 to 40 
%. Assumed was counter-current flow of draw and feed solutions and a forward osmosis 






 and structural parameter of 1x10
-4
 m. Such 
membrane properties realistically describe the currently available FO membranes, as will be 
demonstrated in the next chapter of this thesis.    
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Figure 1.10: Schematic drawing of the purposed FO-NF with submerged first stage (top) and 
predicted FO performance and membrane area requirements of FO-NF desalination process with 
submerged FO stage (bottom)  
-  Development of improved forward osmosis membranes - membranes on 
structured supports and ultra-permeable membranes  
The performance of an FO desalination process can also be improved by introduction of new 
and improved membranes. As already mentioned water flux in FO is limited by concentration 
polarization effects, occurring within the membrane. These concentration polarization effects 
could be minimized by tailoring the structure of the membrane - low thickness, low tortuosity 
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and high porosity are the main requirements for low membrane structural parameter (S). As 
can be seen from Figure 1.11, varying the value of the S parameter of the membrane has a 
very pronounced influence on the flux. High membrane permeability is also desirable and 
might be achievable considering the reports on ultra-high permeability graphene [14, 15] and 
other carbon membranes [102].  
FO Recovery, %





















A=2 L.m-2.h-1.bar-1, S=1x10-4 m
A=5 L.m-2.h-1.bar-1, S=1x10-4 m
A=50 L.m-2.h-1.bar-1, S=1x10-4 m
A=2 L.m-2.h-1.bar-1, S=1x10-5 m
A=5 L.m-2.h-1.bar-1, S=1x10-5 m
A=50 L.m-2.h-1.bar-1, S=1x10-5 m
 
Figure 1.11: Dependence of FO flux on membrane permeability and structural parameter. Water flux 
values are not corrected for ECP  
Another strategy for FO membrane improvement is possible with the use of ceramic supports 
with well defined structure. Porous ceramic sheets, like alumina for example, with 
thicknesses lower than conventional asymmetric polymeric membranes can be prepared and 
are commercially available. Additionally these materials offer good mechanical properties, 
eliminating the need of the non-woven support mesh usually used to provide mechanical 
strength for asymmetric membranes formed by phase inversion. Ceramic supports with wide 
range of pore size, porosity and thickness are available and can be used for preparation of 
thin film composite membranes. Such a membrane could offer milder ICP effects and 
improved FO flux when compared to conventional TFCs on polymeric supports. This is due 
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to the more suitable S parameter of the ceramic substrate with defined structure, although it 
should be stressed that CP (external and internal) effects will still influence FO flux. This 
strategy was adopted during the course of the work and the results are presented in Chapter 3, 
along with the work regarding formation of conventional asymmetric polymeric membranes 
and TFC membranes.    
1.4.  Structure of the thesis 
This thesis is divided into six chapters. Chapter 1 presents literature data regarding the nature 
of forward osmosis and some interesting applications of process. Presented also are main 
goals of the project, the concept for enhanced oil recovery by low salinity waterflooding and 
the possibility for off-shore water desalination by FO-NF process. Mentioned are some 
possibilities for process intensification and strategies for development of improved FO 
membranes are outlined.  
Chapter 2 presents work on the development of asymmetric integrally skinned forward 
osmosis membranes prepared from cellulose acetate, P84 polyimide and polybenzimidazole. 
Chapter 3 summarizes the work carried out regarding the development of thin film composite 
membranes on defined ceramic supports.      
The fouling behaviour of these thin film composites on defined supports is evaluated in 
Chapter 4 against a commercial low fouling reverse osmosis membrane.  
Chapter 5 evaluates the feasibility of FO-NF desalination based on the obtained membrane 
performance data from the previous chapters and available literature data regarding the 
performance of commercially available FO membranes.  
The main conclusions arising in each of the previous chapters are summarized in Chapter 6. 
Supporting information is presented as appendix.    
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Each chapter from Chapter 2 to 5 includes a short literature review and objectives of the work 
carried out, description of the materials and methods used (Chapters 2, 3 and 4), results and 
discussion regarding the work presented in each chapter, and conclusions drawn on the 
collected experimental data.   
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Chapter 2 A 




2.1.  Summary  
Summarised below are results regarding the performance of integrally skinned asymmetric 
polymeric membranes prepared from cellulose acetate (CA), P84 polyimide and 
polybenzimidazole (PBI) casting solutions. Simple variation of the dope solution chemistry 
was found to influence the FO performance of CA and P84 membranes, as a variation of the 
dope solution chemistry alters the rate of phase inversion and consequently the membrane 
structure. The experimentally obtained membrane structural parameters were found to 
correlate in some cases to the calculated Hansen solubility parameters for CA casting 
solutions.  
P84 polyimide membranes were functionalized with polyethyleneimine (PEI), to improve salt 
separation properties. PBI membranes initially showed very poor rejection properties and 
therefore the membranes were doped with phosphoric and sulphuric acids. Although the 
method resulted in improved sodium chloride rejection, it also resulted in decreased 
membrane permeability and FO flux.  
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The FO performance of these membranes is compared to the performance of commercial 
nanofiltration (NF) and reverse osmosis (RO) membranes, and a commercially available 
forward osmosis (FO) membrane developed by Hydration Technology Inc (HTI).  
2.2.  Background and literature review 
2.2.1.   Formation of asymmetric integrally skinned membranes by phase 
inversion 
Phase inversion is a frequently used technique for preparation of micro-, ultra- and 
nanofiltration membranes and, before the development of thin film composites, was widely 
used also for reverse osmosis membrane formation. 
Phase inversion can be defined as controlled liquid-liquid demixing of a thermodynamically 
stable polymer solution. During this process a cast polymer film phase separates into a 
polymer-rich and a polymer-lean phase thus forming the pores and matrix of a membrane 
[103]. The phase separation can be induced by contacting a cast polymer film with non-
solvent, or a bad solvent for the polymer (non-solvent phase inversion or immersion 
precipitation), as indicated in Figure 2.1, precipitation of non-solvent vapours (vapour 
induced phase inversion), by temperature decrease or by evaporation of volatile solvents 
[104].  
 
Figure 2.1: Schematic of membrane preparation by non-solvent induced phase inversion  
Chapter 2. Integrally skinned asymmetric membranes for forward osmosis   
50 
PhD Thesis – Ruslan Kochanov  
Imperial College London 
As visible from the figure above at least three components are involved during phase 
inversion – polymer, solvent and non-solvent, and membrane formation is strongly 
influenced by the complex diffusion and convection of solvent and non-solvent. All possible 
combinations of the three components can be represented by a triangular phase diagram 
(Figure 2.2). 
 
Figure 2.2: Combination of a glass transition and a liquid-liquid demixing gap for a ternary system – 
(A) phase diagram, (B) composition paths. Glassy phase – G, metastable glassy phase – G*. Path A 
indicates passing of the vitrification boundary without demixing, path B shows demixing of the 
polymer solution (adapted from [105])     
Polymer solutions are often described by Flory-Huggins theory, which uses interaction 
parameters between components (χij) to explain the behaviour of such systems. According to 
the theory these can be summarized as [105]:  
- Polymer/non-solvent interaction parameter dictates the surface area of the liquid-
liquid demixing gap. High values of this parameter mean that the intersection point of 
the demixing gap with the polymer-non-solvent axis is at high polymer 
concentrations.  
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- Low mutual affinity between solvent and polymer (high value of the interaction 
parameter) translates into increased magnitude of the demixing gap.  
- High solvent/non-solvent interaction parameter describes large differences in 
solvent/non-solvent ratio in the equilibrium phases. Low value of this interaction 
parameter means highly increased demixing gap.  
Mass transfer models have been developed to describe the kinetics of the process and the 
change of polymer solution composition during phase inversion. An important theoretically 
derived conclusion by Reuvers et al [106] is that mass transfer in membrane forming systems 
can be divided in two categories – delayed and instantaneous demixing. Both regimes 
describe the speed at which the composition path of a given polymer solution crosses the 
binodal after contact with non-solvent (Figure 2.2). In delayed demixing process the 
composition of the polymer solution remains homogenous for a certain period of time - delay 
time. During this period the solution gradually reaches higher non-solvent concentrations 
before entering the demixing gap. For polymer solutions undergoing instantaneous demixing 
the composition path crosses the binodal immediately. The regimes result in different 
polymer concentration profile at the start of the demixing, which has been demonstrated to be 
especially important for the properties of the final membrane, as it determines the gradient in 
pore size over the membrane thickness and the porosity of the membrane. Generally delayed 
demixing often results denser membrane structure, while instantaneous demixing conditions 
can result in formation of macroviods [107].     
2.2.2.  Influence of casting solution composition on membrane properties 
Delayed or instantaneous demixing results in different membrane structure, since the 
demixing regime depends on interaction between the components of the system. It is 
therefore possible to control and tune the properties of the final membrane by manipulation of 
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the composition on the casting (dope) polymer solution, or by changing the non-solvent. 
Several of these possibilities are briefly discussed below.  
First, the polymer/solvent, polymer/non-solvent and solvent/non-solvent affinity, as 
mentioned earlier, could change the miscibility gap of the polymer/solvent/non-solvent 
system. Of course the choice of solvent (or mixtures of solvents) and non-solvent is restricted 
by the polymer type. Increased polymer concentrations on the other hand can result in slower 
diffusion of non-solvent into the forming polymer matrix and delayed demixing, giving 
membranes with thick and dense skin layers and relatively low porosity. Partial evaporation 
of any volatile solvent in the dope solution is an easy way to enhance selectivity of 
asymmetric polymeric membranes. This usually results in denser skin layer, which slows the 
demixing and precipitation kinetics, and thus limits the development of macrovoids [103]. 
Addition of non-solvents to the casting solution can also influence the structure of 
asymmetric membranes, creating defect-free skin layers or suppressing macrovoid formation 
[108].  
Pore-forming additives are commonly used to modify the membrane structure. These can be 
inorganic or organic compounds. For example addition of polyethylene glycol with molecular 
weights in the range 600 to 12,000 g.mol
-1 
to polysulfone (PSf) dope solutions has been 
shown to influence the average pore size and pore size distribution, as well as the porosity of 
membranes [109]. This effect can be explained by the decreased thermodynamic stability of 
casting solutions containing additives with high molecular weight. Depending on the 
molecular weight of the additive addition of polyvinylpyrrolidone (PVP) is demonstrated by 
Yoo et al [110] to either suppress or aid macrovoid formation. Other interesting pore forming 
additives are propionic acid and surfactants. Propionic acid inhibits the formation of 
macrovoids, while surfactants are thought to affect interfacial properties between coagulant 
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and polymer solutions. Also used are acetic acid, butanol, propanol, chloroform [111]. 
Examples for inorganic additives are zinc chloride [112] and lithium perchlorate [113]. 
2.2.3.  Development of membranes for forward osmosis  
Although there are only a few commercially available FO membranes (Table 2.1) the 
scientific community worldwide is constantly suggesting new and innovative membranes in 
attempt to improve the process performance. The extensive research in the field has resulted 
in numerous publications, some of which are summarized in Table 2.3. Some of the most 
interesting membranes are discussed below and the available performance data for 
commercial FO membranes is summarized in Table 2.2.  
Although the experimental work presented in this chapter is focused only on integrally 
skinned asymmetric forward osmosis membranes, the performance of various membranes, 
including thin film composite membranes, is also discussed here.   






Primary application Status 




Fuji No data No No data Development 
GKSS Polymeric No No data Development 
GreenCentre 
Canada 
No data No Seawater FO Development 
HTI CA, TFC Yes Various Commercial 
Idaho National Lab No data No No data Development 




Modern Water Undefined Yes Seawater FO Commercial 
Oaysis Water TFC Yes Brine concentration Commercial 
Porifera TFC Yes Various Pre-commercial 
Samsung No data No No data Development 
Trevi Systems No data Yes Seawater FO Dvelopment 
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Acillli et al [45] have studied in detail the performance of the commercial cellulose acetate 
(CA) membrane produced by HTI (HTI CA membrane). By testing the membrane with all 
draw agents listed in Table 1.2 (Chapter 1) the authors have calculated an average structural 
parameter for the membrane of 4.27x10
-4
 m, and when tested with pure water in RO the 






. The same 
company recently introduced a new thin film composite FO membrane (HTI TFC membrane) 







parameter of around 5x10
-4
 m. Another commercially available TFC membrane (OW TFC 
membrane) produced by Oasys Water (Boston, USA) is characterized by a slightly lower 
structural parameter (4x10
-4






 [116]. Cross-sectional SEM images of the two HTI membranes are presented in 
Figure 2.3. 
Table 2.2: Performance of commercial HTI membranes in FO with various feed and draw solutions  










HTI TFC 1M NaCl/DIW 
AL-FS ~21 ~4 g.m-2.h-1 
[115] 
AL-DS ~32 ~14 g.m-2.h-1 
HTI CA 
1M NaCl/DIW 
AL-FS ~8 ~3 g.m-2.h-1 
AL-DS ~17 ~7.5 g.m-2.h-1 
1M NaCl/DIW 






12.2 9.1 g.m-2.h-1 
[45]** 
 
0.5M MgCl2 9.7 5.6 g.m
-2.h-1 
1.2M MgSO4 5.4 1.2 g.m-2.h-1 
OW TFC 1M NaCl/DIW 




* Units: solute permeability m.s
-1




, RO rejection % 
** Presented in [45] also is the performance of the HTI CA membrane with all draw solutes listed in Table 1.2 (Chapter 1) 
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Figure 2.3: Cross-sectional SEM images of the commercial FO membranes produced by Hydration 
Technologies Inc. A – cellulose acetate (HTI CA) membrane (adapted from [38]), B, C, D, E – thin film 
composite FO membrane (HTI TFC) at different magnifications (adapted from [115]) 
As mentioned earlier Table 2.3 summarizes the performance of some recently reported 
membranes for FO applications. It should however be stressed that the published information 
for some membranes is incomplete, while other reports only present membrane performance 
with unreasonably high osmotic driving force (above 200 bar osmotic pressure difference in 
some cases), or in PRO mode (AL-DS) membrane orientation, which is not a realistic 
experimental set-up for seawater FO desalination.  
The selection of membranes presented in Table 2.3 however reflects well the main research 
directions in FO membrane development. They are:  
-  Integrally skinned asymmetric membranes  
Integrally skinned membranes are typically prepared by phase inversion technique, and the 
whole membrane is prepared from the same material. Due to the nature of phase inversion 
these membranes are characterized by a dense or low porosity skin (top) layer and highly 
porous bottom layer. The thickness of the skin layer is usually in the micrometer range.   
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The majority of reports present work dedicated to optimization of the structural parameter of 
polymeric membranes for FO applications. Other works attempt functionalization or 
crosslinking of polymeric membranes. Reports mainly consider hollow-fiber membranes.  
-  Thin film composite and thin film nanocomposite membranes  
Thin film composite membranes are multilayered and prepared from at least two different 
materials. Usually thin films (with thickness varying from around 10 nanometers to several 
hundreds of nanometers) are formed on top of porous support membranes prepared by phase 
inversion. The thin film provides the separation properties of the membrane, while the porous 
support ensures mechanical strength. The advantage of TFC membranes over traditional 
integrally skinned membranes is the fact that selective layer and porous support can be 
independently optimized in order to achieve desired membrane performance.   
The available literature reports, with very few exceptions, report on polyamide thin films 
formed in a typical interfacial polymerization reaction between trimesoyl chloride and m-
phenylenediamine. Entries 29 and 30 in Table 2.3 present TFN membranes with incorporated 
carbon nanotubes and silicon dioxide nanoparticles, and are worth mentioning due to their 
excellent performance. 
-  Thin film membranes formed on nanofiber and mixed matrix supports  
Good results have been reported by Emadzadeh et al [128] with polyamide thin films formed 
on a TiO2 incorporated mixed-matrix polysulfone substrates, and by Fu et al [127] (Table 
2.3, entries 11 and 12). Another approach for minimization of the membrane structural 
parameter is the formation of thin films on top of electrospun nanofiber substrates. M. Tian et 





 when their PVDF and PVA nanofibre TFC membranes are tested in FO with 0.5M and 
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testing polyamide TFC formed on PET nanofiber supports (Table 2.3, entry 26) (Figure 2.4). 
Another very interesting proposition for optimization of membrane support is given by 
Dumee et al [130]. They formed polyamide TFC membranes on top of self-standing Bucky-
paper. The membranes unfortunately are not fully tested in FO (Table 2.3, entry 14).  
 
Figure 2.4: SEM micrograph showing the structure of the electrospun nanofiber support reported by 
L.A. Hoover et al (adapted from [142]) 
-  Other approaches  
Included here are layer-by-layer (L-b-L) assembled membranes reported by Qi et al and Qiu 
et al [148, 149] and mixed matrix/L-b-L membranes reported by Lee et al [147]. High fluxes 
are usually reported for these membranes, their separation properties however are slightly 
worse than other potential FO desalination membranes.  
A completely different approach for reduction of ICP is reported by Tu et al [150] and Zhou 
et al [139] who attempt to immobilize either polymer or counter ions within the porous 
support of a FO membrane (Table 2.3, entries 23, 34). The latter report relatively high water 
fluxes in FO, but the salt flux is also high – about 10 g.m-2.h-1.  
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The diversity of approaches available in the literature is undoubtedly healthy for the process 
and is indeed slowly but steadily improving the performance of various FO applications. 
Regardless, internal concentration polarization is still hampering membrane performance, and 
in order for FO to mature and become an established low-energy separation further 
improvement is required.   
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Separation properties (solute 
permeability or rejection)** 
Comments Reference 
1 d-IS HF 3.12 MgCl2/DIW 12.7 40% (NaCl), 87% (MgCl2) 
PBI-PES/PVP hollow-fibers for 
protein enrichment 
[117] 
2 IS HF 2M MgCl2/DIW 5.0 90% (NaCl), 97% (MgCl2) CA heat treated hollow-fibers [228] 





PES HF membranes, TFC formed on 
the inner surface of the fibers 
[229] 
4 TFC HF 2M NaCl/DIW 41 85% (NaCl) 
Dual TFC membranes, substrate PAI, 
HF 
[120] 
5 TFC HF 0.5M Na2SO4/2000 ppm Na2SO4 12 85% (Na2SO4) 
TFC on PAI, post-treated with 
polyelectolytes 
[121] 
6 TFN HF 0.5M MgCl2/DIW 13 88% (MgCl2) 
Multi-walled CNT immobilized on 
PAI HF substrates 
[122] 
7 IS HF 0.5M MgCl2/DIW 8.4 49% (NaCl), 94% (MgCl2) 
PAI HF substrates functionalized 
with PEI 
[123] 
8 d-IS HF 0.5M MgCl2/DIW 27.5 89% (divalent cations) 
PAI HF substrates functionalized 
with PEI 
[124] 





Tri-bore HF TFC membranes 
(Matrimid® substrates) 
[125] 
10 IS HF 2M NaCl/DIW 3.8 50-60% (NaCl) PBI hollow fibers [126] 
11 MM HF 2M MgCl2/DIW 31 
82% (NaCl) 
92% (MgCl2) 
PBI/POSS outer layer and PAN/PVP 
inner layer 
[127] 
12 MM-TFC FS 2M NaCl/0.5M NaCl 20-40 4 – 78 m.s
-1
 PSf-TiO2 substrates [128] 





Double-blade casting of PSf 
substrate 
[129] 
14 TFC FS --- --- 1.3 x10-3 m.s
-1
 
PA thin films formed on self-
supporting Bucky-paper 
[130] 
15 TFC FS 2M NaCl/DIW Up to 10 Up to 90% (NaCl) 
PA TFC membranes on PSf 
substrates 
[131] 
16 TFC FS 0.05 to 1M NaCl/DIW 0.05 to 0.10 Above 95% (NaCl) 
Treatment of commercial RO TFC 
membranes 
[132] 





PA TFC prepared on carboxylated 
polysulfone supports 
[133] 
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18 TFC FS 1M NaCl/DIW 12 to 28 






PA TFC prepared on electrospun 
PVDF nanofiber substrates 
[134] 
19 TFC FS 2M Glucose/DIW 8 to 10 90 to 100% (NaCl) 
TFC prepared on carbon 
nanotube/PSf substrates 
[135] 
20 TFC FS 1M NaCl/DIW 4 to 25 Above 95% (NaCl) PA TFC on PSf substrates [136] 
21 TFC FS 2M NaCl/DIW 18 to 22 93-95% (NaCl) PA TFC on PSf substrates [137] 
22 TFC FS 2M NaCl/0.6M NaCl 15 91% (NaCl) 















24 TFC FS 2M NaCl/0.6M NaCl 20 and above ~90% (NaCl) TFC on SPEK blended PSf supports [140] 
25 TFC FS 0.5M NaCl/DIW 27 97% (NaCl) TFC on PVA nanofiber substrates [141] 
26 TFC FS 1M NaCl/DIW 12-15 Above 95% (NaCl) Electrospun PET nanofibers support [142] 
27 TFC FS 2M NaCl/DIW ~40 80-95% (NaCl) PA TFC on nanocomposite supports [143] 





TFC on composite nanofiber 
substrates 
[144] 





PA thin-films with incorporated 
multi-walled carbon nanotubes 
[145] 
30 TFN FS 2M NaCl/DIW 28-103 80-90% (NaCl) 
PA thin-films with incorporated SiO2 
nanoparticles 
[146] 





Mixed matrix support with L-b-L 
assembled separating layer 
[147] 
















PES membranes formed polymer 
filled non-woven 
[150] 
* IS – integrally skinned, d-IS – dual-layer integrally skinned, TFC – thin film composite, TFC – thin film nanocomposite, MM – mixed matrix, L-b-L – layer-by-layer, FS – flat-sheet, HF – hollow-
fibers  ** Units: solute permeability m.s
-1




, RO rejection % 
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2.2.4.  Integrally skinned asymmetric membranes for forward osmosis prepared 
from cellulose acetate, P84 polyimide and polybenzimidazole casting solutions  
As discussed earlier, only a few reports on integrally skinned polymeric membranes for FO 
applications are available. Integrally skinned membranes are mainly used as substrates for 
TFC preparation, and the membrane formation properties of the polymers used in this chapter 
have been mainly studied for applications other than FO. Soroko et al [151, 152, 153] for 
example offer an excellent in-depth experimental investigation on the formation conditions 
and properties of P84 polyimide membranes for organic solvent nanofiltration applications. 
See-Toh et al on the other hand demonstrate that control over the properties of integrally 
skinned P84 polyimide membranes could be achieved by manipulation of solvent and co-
solvent ratio used for preparation of polymer casting solution [154]. Ultrafiltration P84 
substrates are also suitable for preparation of thin film composite membranes - Li and Chung 
[155] for example report on TFC membranes on P84 supports applied for power generation 
by pressure-retarded osmosis, and Gorgojo et al [156] post-treat polyamide TFC prepared on 
P84 substrate with organic solvent to achieve simultaneous improvement of flux and rejection 
properties of the TFC membranes.  
Polybenzimidazole (PBI) has excellent stability in harsh chemical environments and is 
therefore attracting significant interest as a potential polymer for preparation of organic 
solvent nanofiltration membranes [21]. It has also been reported as potential candidate for FO 
membrane preparation. Wang et al [126], Yang et al [117] report on the preparation and 
performance of dual PBI-PES/PVP hollow fiber membranes, Fu et al [127] prepare mixed 
matrix hollow fibers using PBI with incorporated polyhedral oligomeric silsesquioxane 
(POSS) nanoparticles. Other reports by Hausman et al [157] and by Flanagan and Escobar 
[158] are available.   
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Historically Cellulose acetate (CA) is arguably the most widely used polymer for preparation 
of desalination membranes. The polymer was also heavily used to improve the understanding 
of membrane formation by phase inversion, as investigated for example by Reuvers and 
Smolders [159]. Initially reverse osmosis CA membranes were prepared by casting from dope 
solutions containing acetone, water, magnesium perchlorate at different temperatures (from -
10 to 25°C) and solvent evaporation times (1 to 4 minutes), followed by approximately an 
hour long film-setting into ice cold water [160]. Cellulose acetate membranes are also 
frequently reported for FO applications – Su et al [118], Zhang et al [161], Nguyen et al 
[162], Sairam et al [163]. Additionally, one of the commercial forward osmosis membranes 
produced by Hydration Technologies Inc, according to a published patent is based on 
cellulose acetate or cellulose triacetate [164]. The information provided in this patent 
suggests that the composition of the commercial asymmetric HTI membrane might be 
prepared from polymer solutions containing 12.5 to 13.9% CA, CTA or both, dioxane, 
acetone and methanol in varying ratios and lactic acid.       
2.3.  Objectives 
The information presented in this chapter regards exclusively asymmetric polymeric 
membranes. The aim of the research work carried out was to evaluate the performance of 
these and establish whether the project requirements could be satisfied by such membranes. 
Thus the following objectives were defined: 
- Evaluation of the mass transfer characteristics of the FO testing equipment. 
- Evaluation of FO performance of commercial RO and NF membranes.  
- Identification of suitable polymers for preparation of integrally skinned membranes 
for FO desalination applications.  
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- Preparation and performance testing of lab-scale flat-sheet integrally skinned 
polymeric membranes.  
- Variation of membrane casting conditions and dope solution composition in order to 
understand the relationship between preparation conditions and the FO performance.  
- To elucidate preparation conditions and dope solution compositions resulting in high 
permeability ultrafiltration thin film composite substrates with structural properties 
suitable for FO.    
The work on cellulose acetate (CA) membranes was carried out in addition to the earlier 
work by Sairam et al [163]. This work is therefore frequently referred to in this chapter. The 
main goal of the work was to expand the previously acquired membrane performance 
database and gain better understanding of membrane and process behaviour during FO 
desalination.  
2.4.  Materials and methods  
2.4.1.   Chemicals and commercial membranes  
Solvents – 1,4-dioxane, dymethyl formamide (DMF), dimethyl acetamide (DMAc), acetone 
and i-propanol were supplied by VWR United Kingdom.  
Cellulose acetate, polyethyleneimine (PEI), polyvinylpyrrolidone (PVP), sodium 
metabisulfite, magnesium sulphate, magnesium chloride, sodium chloride and benzoic acid 
were supplied by Sigma-Aldrich, United Kingdom. 
P84 polyimide was purchased from HP Polymer GmbH, Austria. Celazole®S26 
Polybenzimidazole (PBI) solution was purchased from PBI Performance Products, USA.  
Chapter 2. Integrally skinned asymmetric membranes for forward osmosis  
 
64 
PhD Thesis – Ruslan Kochanov  
Imperial College London 
Element blend Alkali and Alkaline Earths ICP standard, containing 100 µg.ml
-1
of each of the 
elements barium, beryllium, calcium, caesium, potassium, lithium, magnesium, sodium, 
rubidium and strontium, was purchased by MBH Analytical, UK. 
Commercial RO and NF membranes (GE Osmonics RO AD, GE Osmonics NF DK) were 
supplied from Sterlitech Corporation, USA. Commercial cellulose triacetate membrane was 
supplied by Hydration Technologies Inc, USA.  
2.4.2.   Membrane preparation  
Polymeric membranes for FO application were prepared using bench-scale Bravie 
Instruments automatic film applicator.  The polymer film thickness was controlled by setting 
the opening height of the casting knife (Elcometer 3700). The casting speed was always kept 
constant at approximately 0.02 m.s
-1
. All membranes were prepared using polymeric backing 
material in order to provide mechanical strength. Either polyester non-woven (Hollytex, 
USA) or Sefar®Nitex nylon woven mesh supplied by Sefar AG, Switzerland, were used. The 
non-woven meshes were fixed onto a clean glass plate using double sided adhesive tape. The 
Sefar®Nitex woven fabric was usually pasted onto the glass plate using approximately 15% 
aqueous polyvinylpyrrolidone (PVP) solution. Phase inversion was carried out in a room with 
controlled air temperature and humidity (20 °C and 40 %).  
Polymeric casting solutions were prepared by dissolving a given amount of polymer into 
organic solvent or mixture of solvents at constant stirring and room temperature. After 
visually ensuring the complete dissolution of the polymer the solutions were left to rest 
overnight and degasify.  
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After application of the film the membranes were immersed into a de-ionized water bath and 
were kept in the bath for at least 15 minutes. After that the membranes were transferred into a 
container and kept in 1 g.L
-1
 aqueous solution of sodium metabisulfite until used.   
2.4.3.   Evaluation of membrane performance in forward and reverse osmosis  
The performance of the polymeric membranes was tested in FO using magnesium chloride 
draw and sodium chloride feed solutions. Concentrations, unless otherwise specified, were 




 and 0.6 mol.L
-1
), respectively. A contactor cell accommodating 
membrane with area of up to 44 cm
2
 was used. The draw and feed solutions, as illustrated in 
Figure 2.5 were circulated in a closed loop using gear pumps, at high flow rate to ensure 
relatively high external mass transfer coefficients. The solution reservoirs were placed on 
weighing balances in order to continuously monitor the weight change of each solution. 
Using the solution weight change (ΔM, kg) for time (t, h), the membrane area (A, m2) and 
density (ρwater, kg.L
-1
) of water the FO flux was calculated following equation 3-1:  
    
  
         
             (2-1) 
The RO tests for these membranes were carried out in a dead-end stirred filtration cell (HP 
4750) supplied by Sterlitech Corporation. Membrane disks with area of 10 cm
2
 were tested. 
The feed solutions were pressurized using compressed nitrogen gas. To calculate flux the 
permeate flow was measured over a period of time, after which it was divided by the 
membrane area. The pure water permeability value for the membranes was obtained by 
filtration of de-ionized water through each membrane disk.  
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Figure 2.5: Forward osmosis testing set-up 
To obtain the membrane separation properties in FO experiments, samples from each solution 
were taken before and after the FO test, diluted accordingly with de-ionized water and 
analyzed by inductively-coupled plasma atomic emission spectroscopy (ICP-AES) Perkin 
Elmer Optima 2000 against analytical standard (MBH Analytical Ltd.). The obtained initial 
and final concentrations were then used to calculate rejection, salt flux and salt to water flux 
values for draw and feed solutes (equations 2-2 and 2-3).  
       
         
     
         
        .100, %    (2-2) 
   
                 
   
              (2-3) 
       
         
     
           (2-4) 
It should be noted that values for FO rejections, calculated using equation 2-2, do not 
accurately represent the true separation properties of a membrane, as the concentrations are 
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not corrected with the volume change of each solution. However, in order to be able to 
compare the following results with those published by Sairam et al [163], the membrane 
separation properties in FO are indeed represented as rejection calculated by this equation.  
To obtain rejection values in RO either ICP-AES analysis or conductivity measurements of 
samples from feed and permeate were performed using a portable conductivity meter (HI-
8733N, Hanna Instruments). The RO rejection values were calculated using equation 2-4.  
2.4.4.  Mass transfer coefficients in forward osmosis 
The mass transfer coefficients in the FO testing equipment were analysed by the benzoic acid 
dissolution method, described elsewhere [165]. Briefly, molten benzoic acid was poured into 
a template and left at room temperature to solidify. The template was then removed and solid 
benzoic acid sheet was placed into the FO contactor cell. De-ionized water was then re-
circulated through the cell at different flow rates for a period of time. Samples were taken at 
regular intervals and the concentration of benzoic acid was analyzed by UV/Vis 
spectroscopy. The concentration change of benzoic acid was then used to estimate mass 
transfer coefficient. The obtained values were then related to the mass transfer coefficients of 
the used draw and feed solutes.  
2.4.5.   Membrane characterization by scanning electron microscopy  
The surfaces and cross-sectional electron microscopic images of different membranes were 
characterized by high resolution scanning electron microscope (SEM), LEO 1525, Karl Zeiss 
with an accelerating voltage of 5 kV.  
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2.5.  Results and discussion  
2.5.1.   Evaluation of mass transfer coefficients in forward osmosis test 
equipment  
Having in mind that FO desalination is already severely limited by internal concentration 
polarization, ensuring that the mass transfer resistance due to boundary layer effects (external 
concentration polarization) is minimized is crucial. The external mass transfer coefficients in 
the FO testing equipment were therefore evaluated following the procedure described above. 
The obtained benzoic acid concentration change with time was used in equation 2-5 to obtain 
the value of the mass transfer coefficient at given recirculation flow rate. The concentration 
of benzoic acid at given time in equation 2-5 is denoted by Cb, Cb* denotes the water 
solubility of benzoic acid, k is the mass transfer coefficient, t denotes time, A is area of the 









       (2-5) 
       
  
  
       
  
 
     
 
       
  
 
     
  (2-6) 
The obtained results were correlated to the mass transfer coefficient for each test solute using 
equation 2-6. The values of a, b and c in equation 2-6 were taken from the correlation 
between Reynolds and Sherwood numbers used. A widely used correlation (Chilton-Colburn) 
was selected in this case (equation 2-7).   
                       (2-7) 
The Chilton-Colburn correlation uses values for a, b and c are 0.023, 0.8 and 0.33, 













for magnesium sulphate, magnesium chloride, sodium chloride, and benzoic acid, 
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respectively. As indicated in Table 2.4 the mass transfer coefficients were evaluated at 20 and 
60 L.h
-1
 recirculation flow rate.  
Table 2.4: Mass transfer coefficients in FO and RO 
Recirculation flow 
rate, L.h-1 







20 2.50 1.80 2.90 3.85 
60 4.50 3.15 5.20 6.80 
 
The Chilton-Colburn correlation (equation 2-7) was also used to estimate theoretical mass 
transfer coefficient values. As demonstrated in Figure 2.6 experimental and theoretically 
derived results for magnesium sulphate, magnesium chloride and sodium chloride agree 
reasonably well.  
Experimental MTC x10-5, m.s-1



























MTC at 20 L.h-1
MTC at 60 L.h-1
 
Figure 2.6: Comparison of experimental and calculated mass transfer coefficient values 
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2.5.2.   Performance of commercial membranes in forward osmosis 
The FO performance of commercial reverse osmosis and nanofiltration membranes was 
evaluated in order to provide benchmark experimental data. The membranes used were all 
manufactured by GE Osmonics. GE Osmonics RO AD is a reverse osmosis membrane, GE 
Osmonics NF DK is a high permeability nanofiltration membrane. Also tested was a 
commercially available dedicated FO membrane produced by Hydration Technology Inc. The 
performance of these membranes is summarized in Table 2.5. 
Although the presented fluxes in all cases are very low, and no flux was detected for the RO 
AD membrane, the performance of the RO and NF membranes is still acceptable, having in 
mind that none of the GE Osmonics membranes is designed for FO applications. Excellent 
sodium chloride rejection values were obtained – above 99% in each case.  
Table 2.5: Performance of commercial membranes with 1.25M MgSO4 draw solution and 0.6M NaCl 







rejection in FO, 
% 
GE Osmonics RO AD 0.55 No flux detected --- 
GE Osmonics NF DK 3.95 ~0.5 >99 
HTI FO membrane 1.40 ~2.0 >95 
 
2.5.3.  Integrally skinned asymmetric membranes prepared from cellulose 
acetate dope solutions  
-  Influence of non-woven backing material on membrane performance  
As reported by Sairam et al [163], the use of woven backing material results in improved FO 
fluxes, as illustrated by the direct comparison in Figure 2.7. Depending on the draw solution 




 were measured for membranes 
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prepared on polyester non-woven. Using the same dope solution composition for casting on 
Sefar® Nitex and the same draw solution concentrations resulted in an order of magnitude 




. The reason for this improvement can 
only be attributed to the much lower thickness and very open structure of the latter support 
material, which allows quicker solute diffusion and thus higher effective driving force, as it 
has lower contribution towards concentration polarization effects.   
Draw solution concentration, mol.L-1




















Hollytex non-woven polyester 
 
Figure 2.7: Comparison of FO flux of membranes prepared on Sefar®Nitex woven and Hollytex 
polyester non-woven. Membranes were tested with MgCl2 (molecular weight 95 g.mol
-1) draw 
solutions and 0.6M NaCl feed solutions in AL-DS (PRO mode) configuration 
In addition to this lower number of defects and pin holes was observed for membranes 
prepared on Sefar®Nitex. Because of this Sefar®Nitex was the primary support used 
throughout the course of this work.    
-  Influence of polymer concentration and solvent/co-solvent pair 
Reported by Sairam et al [163] are membranes prepared from cellulose acetate/cellulose 
triacetate (CA/CTA) blends, following formulations patented by J. Herron [164]. The report 
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investigates the performance of asymmetric FO membranes cast from dope solutions 
containing different solvents, co-solvents and non-solvent. The use of pore-forming agents is 
also discussed. Additionally the effects of solvent evaporation and thermal annealing on the 
performance of the final membrane are also presented.   
In order to expand on the existing membrane database additional experiments were 
undertaken. As summarised in Table 2.6 the polymer concentration for all membranes was 
kept at 13.4 wt%, while the ratio of acetone and dioxane was varied. Methanol (10 wt%) was 
added to the dope solutions of membranes M2.2, M2.5 and M2.6. The values for membrane 
structural parameter and pore tortuosity were obtained from the flux equation of the 
corresponding FO experiment. The porosity and thickness of each membrane was measured 
beforehand, then pore tortuosity values for each membrane were calculated.  
Although the exact mechanism of membrane formation by phase inversion is still unknown, it 
is well known that changing the solvent, or mixture of solvents, alters the rate of phase 
inversion and thus the membrane structure. As expected, membranes with different structure 
were obtained by variation of acetone/dioxane ratio in the dope solution. The significant 
differences become obvious when comparing the structural parameter of membranes M2.1 to 
M2.6 (Table 2.6) and by the available cross-sectional SEM images (Figure 2.8).    





 were measured for M2.1, in AL-DS and AL-FS orientation respectively, while 





Comparing fluxes and structural parameters of each membrane against the acetone to dioxane 
ratio of the dope solution (Figure 2.9), optimal membrane properties, and consequently flux, 
are observed for membranes prepared with 1/3 acetone/dioxane ratio. The addition of 
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methanol to the dope solution results in even higher fluxes – 18 and 10 L.m-2.h-1, which were 
observed for membrane M2.5 in AL-DS and AL-FS orientation, respectively.  
The different membrane properties could be explained with the help of Hansen solubility 
parameters (HSP) as demonstrated in Table 2.7. The literature data for CA suggests HSP 
values of 14.90, 7.10 and 11.10 MPa
1/2 for δd, δP and δh, respectively [166]. Tabulated HSP 
for the used solvents are also available [167]. The mutual solubility parameters between 
polymer and solvent mixture, solvent and non-solvent can be calculated, as reported 
elsewhere [151].  









S x10-4, m Structure 
M2.1 
13.4 
1/1 0 5.78 Macrovoids 
M2.2 1/1 10 3.86 Sponge-like 
M2.3 1/3 0 4.25 Macrovoids 
M2.4 3/1 0 25.4 Macrovoids 
M2.5 1/3 10 2.08 Macrovoids 
M2.6 3/1 10 16.2 Sponge-like 
 
 
Figure 2.8: Cross-sectional SEM micrographs showing the different structure of membranes M2.1 (A) 
and M2.6 (B) 
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 ΔδP/S, MPa1/2 ΔδS/NS, MPa1/2 Δδt, MPa1/2 
Acetone/Dioxane ratio Acetone/Dioxane ratio Acetone/Dioxane ratio Acetone/Dioxane ratio 









3 0.26 0.11 0.21 28.20 28.05 27.73 0.265 0.115 0.204 
10 19.68 19.05 18.98 0.21 0.83 0.91 28.15 28.78 28.85 0.215 0.862 0.942 
Acetone/Dioxane ratio












































































































































































Figure 2.9: Membrane flux in forward osmosis with 1.25M MgSO4 and 0.6M NaCl (AL-DS/PRO mode) 
and rejection of sodium chloride for membranes M2.1, M2.3 and M2.4 (top left) and M2.2, M2.5, 
M2.6 (top right) prepared as described in Table 2.6; porosity and pore toruosity values (bottom) for 
the same membranes  
According to Soroko et al [151] the three mutual solubility parameters  δS/NS,  δP/S and 
 δP/NS characterize solvent/non-solvent exchange rate during phase inversion, the 
polymer/solvent affinity, and the size of the miscibility gap. The first parameter describes the 
skin layer formation during phase inversion and high values for  δS/NS mean decreased 
diffusion rate of water into the polymer film during phase inversion. The polymer-solvent 
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mutual solubility parameter describes whether the solvent is thermodynamically ‘good’ or 
‘bad’ for the selected polymer, as in the first case the polymer chains are relatively extended, 
and in a ‘bad’ solvent chain aggregation is predominant. The size of the miscibility gap on 
the other hand controls the rate of liquid-liquid demixing. Low values for  δP/NS result in 
instantaneous demixing and formation of membranes with open structure. The three 
parameters could also be used to calculate total solubility parameter, δt.  
It is worth noticing the correlation between calculated total solubility parameter (Table 2.7) 
and membrane structural parameter (Table 2.6) as indicated in Figure 2.10.  
tPa
1/2




















Figure 2.10: Correlation between calculated total solubility parameter and membrane structural 
parameter for membranes cast from methanol containing dope solutions 
Although the correlation is not as good for membranes prepared from dope solutions without 
methanol, this might mean that solubility parameters can indeed be used for accurate a priori 
predictions of membrane properties. 
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2.5.4.   P84 polyimide asymmetric membranes – solvent/co-solvent ratio and 
functionalization with polyethyleneimine  
Analogous to the work carried out with CA membranes the solvent/co-solvent ratio 
(DMF/Dioxane) was varied in order to produce membranes with different morphology from 
P84 Polyimide. A well established technique to control membrane structure and molecular 
weight cut-off (MWCO) of P84 polyimide membranes was followed [154]. The polymer 
concentration in all cases was 18 wt%, and the thickness of each membrane was 
approximately 100 µm. The pure water permeability values obtained after RO filtration at 10 
bar, FO flux and rejection of sodium chloride are presented in Table 2.8. Table 2.9 presents 
the calculated Hansen solubility parameters.  
Table 2.8: Water permeability, FO flux and FO rejection for P84 polyimide membranes  







M2.7 1/3 7.7 6.0 88.8 
M2.8 1/6 1.6 10.0 84.3 
M2.9 1/8 0.8 5.6 69.3 
 























1/6 19.37 7.63 28.45 10.42 
1/8 19.31 7.69 28.52 10.54 
 
Water flux in FO depends mainly on the structural parameter of a membrane, but as 
demonstrated in Chapter 1 high membrane permeability could also lead to flux improvement. 
Therefore functionalization with polyethyleneimine (PEI) of P84 membranes with high 
MWCO and water permeability (22wt% P84 dissolved in 3/1 DMF/dioxane), similar to the 
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work reported by Ba et al [168], was attempted. Linear and branched aqueous solutions of 
PEI were used in concentrations varying from 1 to 5wt%. The most interesting results were 
obtained when either 2.5 wt% linear or 1.0 wt% branched PEI was used for membrane 
modification.    
As demonstrated by the fluxes and rejections in Table 2.10 the use of linear PEI resulted in 
lower FO flux, but on the other hand membranes M2.11, M2.12 and M2.14 exhibited perfect 
rejection – an improvement of approximately 15% when compared to the base membrane. 
Table 2.10: FO performance of P84 membranes modified with 2.5 wt% linear PEI. Control membrane 
is 22wt% P84 (3/1 DMF/Dioxane). Membranes tested with 1.25M MgSO4 draw solution and 0.6M 
NaCl feed solution, AL-DS (PRO mode)   
Membrane Contact time, h FO flux, L.m-2.h-1 Rejection, % 
M2.10  
(control membrane) 
--- 6.8 85.0 
M2.11 0.5 2.3 >99.9 
M2.12 1 2.7 >99.9 
M2.13 2 1.0 90.5 
M2.14 4 1.5 >99.9 
 
Table 2.11: FO performance of P84 membranes modified with 1.0 wt% branched PEI. Control 
membrane is 22wt% P84 (3/1 DMF/Dioxane). Membranes tested with 1.25M MgSO4 draw solution 
and 0.6M NaCl feed solution, AL-DS (PRO mode)   
Membrane Contact time, h FO flux, L.m-2.h-1 Rejection, % 
M2.10  
(control membrane) 
--- 6.8 85.0 
M2.15 0.5 10.4 80.0 
M2.16 1 11.9 80.3 
M2.17 2 4.5 95.3 
M2.18 4 6.8 90.3 
 
The membranes modified with branched PEI (Table 2.11) either showed higher flux and 
lower rejection (M2.15, M2.16), or lower flux and higher rejection (M2.17, M2.18) in 
comparison with the control membrane. It is however worth mentioning that the use of 
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branched PEI was only successful when the reagent was used in low concentration (not 
higher than 1 wt%). Any of the tested higher concentrations (2.5 and 5 wt%) resulted in 
visible membrane damage, and the polymer films were dissolved when contacted with high 
concentration branched PEI solutions for more than 30 minutes. 
2.5.5.   Polybenzimidazole membranes and doping with mineral acids  
Reports by Wang et al suggest that PBI, either crosslinked [169], or not [126], might be a 
suitable polymer for preparation of FO membranes. According to these reports membranes 
prepared from PBI/dymethylacetamide (DMAc) dope solutions are characterised by high 
porosity and low pore tortuosity, which means structural parameter suitable for FO 
applications. The membranes were also reported to have good separation properties. These 
features made PBI membranes very interesting for the project.  
As mentioned in the materials and methods section of this chapter PBI polymer was supplied 
as a 26 wt% solution in DMAc and membranes were prepared from this dope solution 
without further dilution and tested initially in dead-end RO filtration at 10 bar.  
Contrary to the reports by Wang et al [126, 169] however the PBI membranes showed no 
sodium chloride rejection. A paper by Hausman et al [157] reported similarly low sodium 
chloride rejection results, consistent with this work. According to this report good sodium 
chloride rejection was obtained with PBI membranes only at very low feed concentrations (1 
mol.m
-3
), and the authors have experimentally demonstrated that the rejection sharply 
decreases when the feed concentration is increased. To improve the separation properties of 
these membranes, doping with mineral acids, which is widely used in proton exchange 
membrane fuel cell (PEMFC) technology [170, 171], was adopted. The PBI membranes were 
doped with either 50% or 85% phosphoric, or 20% sulphuric acid for 30 minutes to 12 hours. 
The approach indeed resulted in improved salt rejection, as demonstrated in Table 2.12.  
Chapter 2. Integrally skinned asymmetric membranes for forward osmosis  
 
79 
PhD Thesis – Ruslan Kochanov  
Imperial College London 
Table 2.12: Performance phosphoric and sulfuric acid doped PBI with aqueous sodium chloride feed 
(2 g.L-1) in RO 










--- --- 1.50 0.0 
M2.20 
50% H3PO4 
1 0.46 3.0 
M2.21 12 0.61 30.7 
M2.22 
85% H3PO4 
1 0.40 19.0 
M2.23 12 0.66 64.0 
M2.24 
20% H2SO4 
1 0.83 0.0 
M2.25 12 0.88 40.0 
 
The measured permeability and rejection values obtained for membranes doped for 1 and 12 
hours are presented, as these results demonstrate the clearly improved separation properties 
of each membrane. An hour long doping with 50% and 85% phosphoric acid for example 
yielded 3% and 19% rejections, while the 12 hour long doping improved the rejection to 30% 
and 64%, respectively. A 12 hour long doping with 20% sulphuric acid resulted in 40% 







to around 0.4 – 0.6 L.m-2.h-1.bar-1, or 0.8 – 0.9 L.m-2.h-1.bar-1 for the 
membranes treated with sulphuric acid. As a direct consequence of this the FO fluxes 
measured for the acid doped membranes were lower than the flux demonstrated by the 
unmodified membrane, as demonstrated in Table 2.13.  
Table 2.13: FO performance phosphoric acid doped PBI. Membranes tested with 1.25M MgSO4 draw 
solution and 0.6M NaCl feed solution, AL-DS (PRO mode)   








--- --- 11.6 
M2.26 50% H3PO4 12 1.3 
M2.27 85% H3PO4 12 1.7 
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Since no other theoretical explanation exists it can be speculated that the acid-polymer 
interactions responsible for improved proton conductivity of acid-doped PBI are also 
responsible for the observed improvement in salt rejection. The following equilibrium 
between acid molecules and PBI chains is believed to promote the dissociation of the acid 
and increase the number of charge carriers [172]:  





For PBI doped with sulphuric acid, 3 different interactions are possible, depending on the 
composition (Figure 2.11).  
 
Figure 2.11: Schematic representation of the interactions between PBI and H2SO4 at different 
compositions, x. Arrows represent the hydrogen bonds (adapted from [173]) 
The improved separation properties of these membranes are interesting, however because of 
the trade-off between FO flux and rejection further development was not pursued. 
2.6.  Conclusions  
This chapter presents experimental results regarding the FO performance of commercial RO 
and NF membranes and integrally skinned membranes prepared from cellulose acetate, P84 
polyimide and polybenzimidazole. None of the commercial RO and NF membranes exhibited 
good performance in FO, as can be expected due to unfavourable structural parameters.  
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The external mass transfer coefficients in the FO test system were evaluated. An attempt to 
expand on the work carried out by Sairam et al [163] was made by preparing CA membranes 
on Sefar®Nitex woven supports. It was demonstrated that variation of the dope solution 
composition, i.e. acetone/dioxane ratio and addition of methanol, could be used to modify the 
S parameter, and thus significantly improve the FO performance of CA membranes. A 
correlation between the obtained S parameter results and the calculated Hansen solubility 
parameters was obtained for membranes prepared from 13.4 wt% CA dissolved in 
acetone/dioxane/methanol mixtures, which suggests that these parameters could be used to 
accurately predict membrane performance. Similar experiments were performed with P84 
polyimide membranes. Mixtures of dimethyl formamide and dioxane in different ratios were 
used to modify the rate of phase inversion and thus the membrane structure and permeability. 
Additionally P84 membranes were functionalized with PEI in an attempt to improve the salt 
separation properties of these membranes.  
Polybenzimidazole (PBI) was chosen for membrane preparation due to the excellent flux and 
separation properties reported by Wang et al [126, 169]. The experimental performance of 
these membranes however was far from expected as the PBI membranes showed no rejection 
of sodium chloride and it was later discovered that these observations agree with the data 
published by Hausman et al [157]. In an attempt to improve the sodium chloride rejection the 
PBI membranes were doped with phosphoric and sulphuric acid – a method widely used in 
proton exchange fuel cell technology. The acid doped PBI membranes showed improved 
rejections in dead-end RO experiments reaching 30, 40 and above 60%. This however also 
resulted in a severe decrease in the membrane permeability which negatively influenced the 
FO fluxes of these membranes. 
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Chapter 3 A 
Thin film composite membranes on polymeric and defined 
ceramic supports   
 
 
3.1.  Summary  
The performance in forward osmosis and characteristics of thin film composite membranes 
prepared on ceramic support disks are summarized in this chapter. Due to the very well 
defined structure, characterized by high porosity, low thickness and pore tortuosity, TFC 
membranes prepared on these supports showed good FO fluxes, and since the membrane 
structural parameter was known a priori it was possible to compare theoretical and 
experimental FO fluxes.  
Poor performance and significant variability in results were observed for TFC membranes 
prepared on polymeric supports other than polysulfone. The TFC preparation method was 
therefore revised to achieve better salt separation properties. Possible sources of results 
variation were investigated, such as the purity of the amine reagent used during interfacial 
polymerization. Aged and purified reagents were used for membrane preparation, and the 
possible presence of impurities was investigated by the means of MS and NMR analysis. 
Although it was not possible to make conclusions based on the chemical analysis of the 
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reagents, the collected membrane performance data suggests that the use of purified reagents 
results in improved and more consistent membrane performance.    
3.2.  Background and literature review 
3.2.1.   Thin film composite membranes for desalination   
Few polymers can form membranes suitable for desalination by phase inversion, and not all 
are commercially viable. Thin-film composite (TFC) membranes, on the other hand, offer a 
unique advantage – independent optimization of support and separating layer. This membrane 
preparation technique offers more flexibility as the support can be tailored for optimal 
mechanical properties, without compromising the separation properties of the composite 
membrane [174]. This also means that a wide variety of top (separating) layer chemistries can 
easily be tested. Naturally there is a wealth of information available in the literature 
describing the RO performance of TFC membranes prepared by interfacial polymerization 
with different amines and acid chloride reagents. Examples include biphenyl tri- and tetraacyl 
chlorides [175, 176] and other polyacyl chlorides (2,4,4’,6-biphenyl tetraacyl chloride, 
2,3’,4,5’,6- biphenyl pentaacyl chloride, 2,2’,4,4’,6,6’-biphenyl hexaacyl chloride) [177], 
benzoyl chloride, phtaloyl chlore, isopthaloyl chloride, terepthaloyl chloride and poly(m-
aminostyrene), trimesoyl chloride (TMC) and o-, m- and p-phenylenediamine (MPD) [178], 
piperazine and N-(2-aminoethyl)-piperazine [179], 5-chloroformyloxyisophthaloyl chloride 
and MPD [180], reactions between diethylenetriamine, triethylenetetramine, 
tetraethylenepentamine, piperazidine and TMC [181].  
Additives during interfacial polymerization are commonly used, amongst other reasons, to 
improve membrane hydrophylicity [182], modify the reaction zone thickness during 
interfacial polymerization and facilitate quicker thin-film formation [183], or to modify the 
surface charge of the membrane [184]. Additives, such as 4,4’-methylene bis(phenyl 
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isocyanate) and polyvinyl alcohol are known to improve the fouling resistance of polyamide 
TFC membranes [185]. Recently Kamada et al [186] proposed the addition of co-solvent into 
the organic phase during interfacial polymerization, for control over the morphology of the 
polyamide layer and flux improvements. There are also numerous reports describing TFC 
membrane preparation via a sequential interfacial polymerization technique. La et al [187, 
188] have adopted an approach consisting of a conventional IP reaction between TMC and 
MPD, followed by subsequent functionalization with fluorinated aromatic diamine. The result 
is formation of an additional layer on top of the conventional MPD/TMC-derived polyamide. 
The final membrane exhibits much higher water contact angle (around 140°) and improved 
salt rejection, albeit this is accompanied by a small decrease in flux. Zou et al [189] describe 
a similar procedure. Here however the MPD soaked supports are contacted with TMC in an 
organic phase, which is immersed in a second amine containing aqueous solution and brought 
into contact with TMC again. The authors have also found that their technique results in a 
smoother membrane surface and better antifouling properties than a conventional TFC 
membrane. Tsuru et al [190] used an airbrush to spray a low concentration (0.05%) TMC 
solution on top of MPD soaked polysulfone (PSf) supports. After a minute of drying the 
support was contacted with 0.1% TMC solution for 1 minute. Interestingly the permeability 
of the final multilayered membrane is twice as high when compared to the permeability of the 
single layer TFC prepared by spraying of TMC. The multilayered membranes also exhibited 
two types of surface morphologies – planar and fibrous, unlike ridge-valley structure typical 
for TMC/MPD-derived polyamide TFC membranes.  
Other authors report excellent membrane properties either by incorporation of nanoparticles 
in the polymeric support membrane, thus reducing membrane compaction [191], or by 
embedding nano-objects within the structure of the separation layer, thus creating thin-film 
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nanocomposites (TFN) membranes. Particularly interesting are zeolites [192, 193, 194], 
carbon nanotubes (CNT) [122, 145, 195], titanium dioxide [196], and silica nanoparticles 
[146].  
Unlike RO, the main research focus in FO is on the development of novel support membranes 
in order to tackle ICP effects. Thus the majority of the available literature, with some 
exceptions reports the performance of traditional TFC membranes prepared by interfacial 
polymerization between TMC and MPD. Optimal conditions for formation of polyamide TFC 
forward osmosis membranes are investigated by Wei et al [131].  
3.2.2.   Mechanism of thin film composite membrane formation by interfacial 
polymerization  
Although interfacial polymerization reactions are well known and used industrially, the exact 
mechanism of thin-film composite membrane formation, and how reaction conditions 
influence membrane properties, remains unclear. A paper by Ghosh et al [197] however 
manages to elucidate this mechanism with several important conclusions. First, amine 
monomer diffusivity in the organic phase governs the permeability of a thin-film formed by 
interfacial polymerization, and salt rejection is strongly correlated to the morphology and 
thickness of the film. By using different organic solvents (hexane, heptane, cyclohexane, 
isopar) the authors conclude that density and surface tension of the solvent used influence the 
diffusion and partitioning of amine monomer (MPD was used) into the organic phase. The 
partition coefficient of MPD is related to the availability of MPD and thickness of the 
reaction zone in each solvent. Correlating salt permeability to the solubility and diffusivity of 
MPD in each solvent yields interesting results. Salt permeability for example is moderately 
correlated with solubility of MPD, but it is not correlated to its diffusivity. It is also strongly 
correlated with hydrophilicity, thickness and surface area of each film, surface roughness and 
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the degree of crosslinking. Comparison of experimental RO results for films prepared with 
hexane or heptane, heptane or isopar, heptane or cyclohexane as the organic phase however 
showed no correlation between film thickness and permeability. It was therefore concluded 
that only a fraction and not the entire thickness of a thin-film, contributes to separation. 
Several attempts to mathematically describe the formation of thin-films by interfacial 
polymerization have been made. Freger [198] for example describes the film formation 
process as a succession of different kinetic regimes – incipient film formation, slowdown, 
diffusion limited growth.  
The regime of incipient film formation is operative immediately after the start of the reaction. 
Here the rate of polymer growth is almost constant and is only negligibly affected by the 
resistance of the growing film. The constant growth rate of the film is determined by the rate 
of diffusion of monomers into the reaction zone. After this, depending on the permeability of 
the forming film two scenarios are possible. In case of low permeability films an abrupt 
slowdown of the incipient regime is expected, followed by diffusion-limited thickness 
increase, while for permeable films this transition is gradual.   
Another study by Freger and Srebnik [199] takes into account diffusion and reaction of 
monomers, solubility effects and others to elucidate film formation by interfacial 
polymerization. They suggest that film develops quickly approximately 2.5 µm within the 
organic phase, and at least for the set of parameters discussed in the paper, the final polymer 
concentration profile develops within 20s after the start of the reaction. Due to the different 
solubility of monomers it was determined that acid groups occupy a relatively thin portion of 
the film, while the rest of the film is dominated by amino groups. A similar picture was 
observed when TEM imaging for acid-stained nanofiltration membranes was performed. 
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Another important conclusion is that the thickness of the film (δ) scales with the reaction rate 
(k) approximately as        .  
The validity of these models however could be questioned, since Freger [200], after 
performing TEM and AFM investigations of polyamide films, concludes that these 
membranes are highly non-homogenous and are probably not characterized by a single value 
of charge or local polymer density parameters. Furthermore, the author suggests that accurate 
predictions of membrane morphology cannot be achieved with the existing models.  
Later Nadler and Srebnik attempt to apply a modified cluster-cluster aggregation model to 
simulate the interfacial polymerization process. This interesting approach yields some more 
insights regarding the interfacial polymerization membrane formation. The authors conclude 
that the final film thickness is strongly influenced by the initial monomer concentrations, and 
it decreases almost linearly with an increase of the monomer volume fraction. This might be 
explained by the fast formation of non-permeable film at the reaction interface due to the 
large amount of available monomers. Furthermore, the authors conclude that the reaction 
zone narrows and shifts towards the organic phase as the reaction progress. The observed 
shrinking of the reaction zone could be attributed to the quick formation of polymer which 
creates a barrier to diffusion, limited diffusion of organic monomers within the film and the 
consumption of unreacted organic end groups by amines diffusing through the entire length 
of the film [201].  
3.3.  Objectives 
The main objective of the work presented in this chapter initially was defined as investigation 
of the optimal formation and curing parameters for preparation of FO TFC membranes on 
various polymeric supports. However, as will be presented later in the chapter the poor results 
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obtained, together with the observed significant reproducibility issues for most of the 
membranes, meant that these initially set objectives were re-defined as:  
- Modification of the currently employed technique for TFC membrane formation in 
order to improve membrane reproducibility.  
- Preparation of thin polyamide selective layer onto a ceramic support with defined 
structure in order to ensure good fluxes in forward osmosis applications.  
- Characterization of the thin-films formed on ceramic supports.  
3.4.  Materials and methods  
3.4.1.   Reagents  
Polymers (PAN, PSf), m-phenylenediamine (MPD), polyethyleneimine (PEI), trimesoyl 
chloride (TMC), aminoethanol were purchased from Sigma-Aldrich, UK. All solvents, unless 
otherwise specified were supplied by VWR, UK. Cadmium chloride was purchased from 
Alfa Aeser, polystyrenes with molecular weights 160 to 700 g.mol
-1
 were purchased from 
Agilent.  
Alumina disks (FlexiPor, pore size 20±8 nm) with area of 2 cm
2 
and defined structure were 
supplied by SmartMembranes GmbH, Germany.  
3.4.2.   Membrane preparation  
-  Preparation of polymeric supports by phase inversion 
Polymeric PAN supports were prepared following the procedure described in Chapter 2. 
Polysulfone support membranes were cast from dope solution containing 15 wt% polymer 
dissolved in NMP on a continuous membrane casting machine, using de-ionized water as 
non-solvent. The casting knife opening was set to 250 µm, and a casting speed of around 0.05 
m.s
-1
 was used. The temperature of the water bath was maintained at 20 °C. The air humidity 
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and temperature were kept constantly at 40 % and 20 °C, respectively. The PSf substrates 
were then transferred to 1 g.L
-1
 aqueous solution of sodium metabisulfite.  
-  Interfacial polymerization for thin film composite formation  
Polymeric membrane disks with area of around 40 cm
2
 were cut, placed in the TFC 
preparation set (Figure 3.1 A) and washed thoroughly with de-ionized water. After the pre-
wash, approximately 50 ml of aqueous amine reagent solution was filtered through each disk. 
The filtrations were carried out at around 50 mbar vacuum provided with a vacuum pump. 
After this step TMC solution in hexane was added and left to react with the MPD soaked 
substrate for 2 minutes. The TMC solution was then disposed and the TFC membrane was 
washed thoroughly with pure hexane (Figure 3.1 B). As indicated in the figure, the excess 
MPD solution in some cases was removed using an air knife. These membranes are denoted 
in the text with an index ‘a’.  
A more traditional TFC formation method that is reported often in the literature [131, 137, 
138] was also utilized. Polymeric substrates were fixed onto a glass plate. Each substrate was 
then soaked with amine reagent solution for 2 minutes by dipping it into a tray, after which 
excess solution was removed from the surface of the substrate using rubber roller, and the 
substrate was consequently immersed into TMC/hexane solution. Membranes prepared by 
this method are denoted in the text with index ‘dip’.     
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Figure 3.1: TFC preparation set-up (A) and TFC synthesis steps (B) 
 
-  Interfacial polymerization with sacrificial layer and preparation of cadmium 
nanostrands 
Cadmium hydroxide nanowires were prepared following a procedure described elsewhere 
[202]. In a typical synthesis, an equal volume of aqueous cadmium chloride solution (4 
mmol) is mixed with 0.27 mmol aminoethanol solution and left at room temperature for 
approximately 1 hour. 5 – 10 micrometer long, about 2 nm diameter nanostrands were 
abundantly formed in the solution.  
The nanowires were then deposited on the top an alumina disk by vacuum filtration, using the 
vacuum filtration equipment represented in Figure 3.1 A. TFC membranes were then formed 
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on top of the thin nanostrand layer following the above-described procedure. The membrane 
preparation steps are summarized in Figure 3.2.  
 
Figure 3.2: Interfacial polymerization with sacrificial nanowire layer. Nanowires were filtered on the 
porous alumina support followed by interfacial polymerization of aqueous amine and TMC/hexane 
to form polyamide membranes 
 
3.4.3.   Forward and reverse osmosis experiments  
FO and RO experiments were performed as described in Chapter 2. Additionally some of the 
RO results presented in this chapter were obtained using an 8 cell desalination cross-flow rig. 
All RO filtrations were carried out at 20 bar.  
3.4.4.   Membrane characterization  
Scanning electron microscopy (SEM) was performed as described in Chapter 2.  
Transmission electron microscopy (TEM) was carried out using JEOL JEM-2010 or JEM-
2000 FX II operated at 200 kV. Gatan ES500W Erlangshen™ (model 782) and MultiScan 
MSC 600HP (Model 794) CCD cameras were used for a wide range of TEM and high 
resolution TEM (HRTEM) imaging, respectively. An ultra-low noise Innova® atomic force 
microscope (AFM) was used to measure the surface roughness of the membranes. Samples 
were attached on a magnetic sample disk using double sided tape. The images were captured 
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under tapping mode using Veeco phosphorous doped silicon (MPP-11100-W) with a tip 
radius of less than 10 nm, cantilever resonance frequency of 267 – 318 kHz, and a spring 
constant of 20 – 80 N/m. The cantilever was auto tuned and the amplitude set point was set at 
5 % less than the amplitude at resonance frequency. A sampling resolution of 1024 points per 
line and a speed of 0.2 Hz were used. Gwyddion SPM and WSxM software packages were 
used to process the AFM images. Surface roughness is presented as average roughness (Ra), 
root-mean-square roughness (Rrms), and peak-to-valley height (Rh). 
3.4.5.   Analytical techniques  
Proton and carbon NMR spectra were recorded on a Bruker AV-400 spectrometer. Mass 
spectra were recorded on Micromass MALDI micro MX, or Micromass LCT Premier (ESI) 
mass spectrometers.  
3.5.  Results and discussion  
3.5.1.   Thin film composite membranes on polymeric supports  
-  Polymeric thin film composites – reproducibility issues  
Since the development of TFC membranes for FO is one of the main project goals the work 
in interfacial polymerization membranes started in parallel with the development of 
asymmetric polymeric membranes discussed in the previous chapter. Preparation of TFC 
membranes on the CA, P84 and PBI supports presented in Chapter 2, along with PAN and 
PSf substrates was attempted. The performance in most cases however was poor, sodium 
chloride rejection in RO for most of the membranes was below the 50% mark and significant 
variations of the experimental results were observed. An additional problem was that, when 
tested in two or more consecutive FO experiments, the separation properties of most 
membranes declined severely. Figure 3.3 illustrates the problem.    
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Figure 3.3: Salt flux through PAN TFC membranes in two consecutive FO experiments with 0.5M 
MgCl2 draw and 0.6M NaCl feed. Membrane numbers 1 to 4 were prepared with 3.5wt% MPD, 5 to 8 
– 1.5wt%, 9 to 12 – 2.0wt%, 13 to 16 – 2.5wt%. TMC concentration in all cases was 0.1wt% in 
Hexane. Polyamide formation time for membrane numbers 1, 2, 5, 6, 9, 10, 13, 14 was 1 minute, and 
2 minutes for all other membranes. All TFCs formed by ‘dipping’ method 
As visible from the figure, the salt flux in FO for these membranes could reach high values, 






Initially the goals set for the work on TFC membranes were to investigate and establish 
optimal TFC formation conditions, such as reaction time, reagent concentrations, post-
treatment, to evaluate the FO performance of TFC membranes prepared from reagents other 
than MPD and TMC. However, given that the poor initial performance of these membranes 
was often coupled with significant variation of experimental results, these goals were 
reconsidered.  
A different approach was therefore undertaken, in order to first establish a method for 
preparation of TFC membranes which guarantees less deviation of the experimental results 
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and better salt rejection, and second to develop a method for preparation of TFC membranes 
on defined ceramic supports, as due to their suitable structural properties these supports were 
expected to result in higher FO fluxes.     
-  Assessment of thin film composite formation technique and amine reagent purity  
To assess the above mentioned issues regarding the formation of TFC membranes some 
changes to the preparation technique were introduced, as described in the materials and 
methods section of this chapter. Purified amine reagent, along with aged (2 and 4 years old) 
MPD reagent, was used in order to evaluate any performance differences and to elucidate 
what, if any, influence impurities present in the amine reagent might have on the properties of 
the TFC membranes. Although the chemical analysis of the amine reagents showed no 
significant differences, membranes prepared with purified amine reagent showed the best and 
most consistent experimental performance. All other TFC membranes reported in this thesis 
were therefore prepared by vacuum filtration with purified amine reagents.  
Polyamide TFC membranes on PSf substrates were prepared following the procedure 
described above and two cases of removal of amine solution were considered. In the first case 
the MPD solution was filtered through the substrate completely, and in the second case an air 
knife was used to remove the remaining droplets on the surface of the substrate. The TFC 
membranes were prepared in a series of 4 and the interfacial polymerization conditions were 
kept the same for all membranes. The purity of the MPD reagent, as specified by the 
manufacturer, is summarized in Table 3.1. 














MPD-1 MKBF9413V Dupont 30.11.2010 99.97 < 10 < 20 < 0.10 
MPD-2 MKBK3911V Dupont 12.04.2012 99.97 < 10 < 20 < 0.01 
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Table 3.2 presents the data obtained after dead-end RO filtrations with membranes prepared 
following the different preparation procedures. Purified MPD monomer was used for all 
membranes. The difference between the more traditional dipping method and vacuum 
filtration is immediately obvious. The control membranes, prepared by vacuum filtration, 






, while the values for M4.2dip 






, respectively. In the same time the sodium chloride 
rejection varies from 94 % (control membrane) to 17 and 0 for membranes M4.2dip and 
M4.3dip. Experiments for determination of the molecular weight cut-off of these membranes 
were also performed by filtration of polystyrenes dissolved in methanol with molecular 
weights in the range 160-700 g.mol
-1
. The rejection curves, presented in Figure 3.4 agree with 
the data presented in Table 3.2. As visible the control membrane shows much higher rejection 
for all solutes, with maximum rejection of around 40% for the high molecular weight 
polystyrene markers, while the maximum measured rejection for M4.2dip was about 20%; 
M4.3dip performed even worse, as the maximum measured rejection was around 5%.  
Table 3.2: Comparison of RO performance of membranes prepared by vacuum filtration and by 











(control membrane) MPD-1 
purified 
Vacuum filtration 3.1 >99 
M3.2dip Dipping, no 
vacuum 
7.8 17 
M3.3dip 60 0 
 
Since all membranes were prepared using the same reagents and PSf supports, the very poor 
performance of M3.2dip and M3.3dip in RO with sodium chloride feeds and polystyrene 
filtrations could only be due to defects in the polyamide thin film. Although the experimental 
sample size is too small (membranes were only repeated twice) the results indicate that using 
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the traditional ‘dipping’ technique for TFC preparation might often result in poor 
reproducibility and wide variation in membrane performance. For this reason all other 
membranes in this study were prepared by vacuum filtration of the amine reagents through 
the polysulfone substrates.  
Molecular weight, g.mol-1




















Figure 3.4: Comparison of the rejection curves obtained for the control membrane (M3.1), 
M3.2dip and M3.3dip membranes after filtration of polystyrenes in methanol 
The performance of the TFC membranes was also evaluated in cross-flow RO experiments at 
20 bar with aqueous sodium chloride feed. The membrane performance was monitored over a 
period of 24 hours and the results are presented in Figures 3.5 to 3.8. Comparing membranes 
prepared with different amine monomer (membranes M3.4-M3.7 and M3.8-M3.11, Figures 
3.5 and 3.6) a higher deviation of the obtained rejection values (4.5%) was observed for 
membranes prepared with MPD-2, although the average permeability and rejection values 
coincide. The performance differences between TFC formed (M3.4a-M3.7a, M3.8a-M3.11a) 
with the use of an air knife is larger however. Comparing the flux and rejection data in 
Figures 3.7 and 3.8 it can be seen that M3.8a-M3.11a demonstrate lower flux and rejection of 
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sodium chloride. Additionally the deviation of the experimental results becomes significant. 
The average flux and rejection for M3.4a-M3.7a measured were 2.59 and 96.79 with standard 






 and 0.30%, respectively. In the same time M3.8a-M3.11a 
showed 1.85 ± 1.30 and 90.70 ± 8.84% (Table 3.3, Figures 3.5 to 3.8). When comparing all 
membranes the difference between membranes prepared with different amine reagents, a 
higher average flux and rejection were obtained for the TFC membranes prepared with MPD-
1. Less dispersed and more stable experimental performance was also recorder for these 
membranes.  
Finally, all 16 TFC membranes prepared with MPD-1 and MPD-2 showed lower water 
permeability and salt rejection when compared to the performance control membranes 
prepared with purified amine and indicated by red solid and dashed lines in Figures 3.5 to 







 and 99.05 %. 
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Figure 3.5: Cross-flow RO performance of membranes M3.4 (●), M3.5 (▼), M3.6 (■) and M3.7 
(♦). Closed symbols indicate flux, open symbols – rejection. Red solid and dashed lines show the 
flux and rejection of the control membrane 
Experimental time, h



















































Figure 3.6: Cross-flow RO performance of membranes M3.8 (●), M3.9 (▼), M3.10 (■) and M3.11 
(♦). Closed symbols indicate flux, open symbols – rejection. Red solid and dashed lines show the 
flux and rejection of the control membrane 
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Figure 3.7: Cross-flow RO performance of membranes M3.4a (●), M3.5a (▼), M3.6a (■) and 
M3.7a (♦). Closed symbols indicate flux, open symbols – rejection. Red solid and dashed lines 
show the flux and rejection of the control membrane 
Experimental time, h























































Figure 3.8: Cross-flow RO performance of membranes M3.8a (●), M3.9a (▼), M3.10a (■) and 
M3.11a (♦). Closed symbols indicate flux, open symbols – rejection. Red solid and dashed lines 
show the flux and rejection of the control membrane 
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Table 3.3: Average water permeability and salt rejection for membranes tested in cross-flow RO  







M3.4 to M3.7 
MPD-1 
Vacuum filtration 2.67 ± 0.13 93.83 ± 0.26 
M3.4a to M3.7a 
Vacuum filtration, air 
knife 
2.59 ± 0.36 96.79 ± 0.30 
M3.8 to M3.11 
MPD-2 
Vacuum filtration 2.49 ± 0.12 93.87 ± 4.51 
M3.8a to M3.11a 
Vacuum filtration, air 
knife 
1.85 ± 1.30 90.70 ± 8.84 
 
It has been suggested that the formation and performance of polyamide TFC membranes is 
largely influenced by diffusivity of MPD, film thickness and morphology, and film 
crosslinking [197]. Having in mind that the presence of impurities could influence all of these 
and the different performance data obtained for all membranes, chemical analysis of the 
amine reagents was undertaken. The chemical compositions of the two aged amine 
monomers were analyzed by the means of UV/Vis spectroscopy, MS spectroscopy and NMR. 





3.9, insert) no obvious differences were observable and the spectra of the aged samples 
overlapped the spectra of the purified reagent, with characteristic peaks at 210 and 290 nm
-1
. 
Slightly different spectra were recorded in the visible range however according to Figure 3.9. 
The presented spectra of the residue collected after purification of reagent MPD-1 also 
suggests the presence of impurities. MS analysis showed high intensity, high m/z peaks 
present on each of spectrum (Figure 3.10). High intensity peaks at around 790 m/z were 
present for the stock reagents, and were not recorded after purification. 
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Figure 3.9: UV/Vis spectra of MPD samples MPD-1, MPD-2, purified MPD-1 and residue after 
purification of MPD-1 
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Figure 3.10: MS spectra of purified MPD-1 (A), stock MPD-1 (B) and MPD-2 (C) 
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Figure 3.11: NMR spectra obtained for the different amine reagents. A – purified MPD-1, B – stock 
MPD-1, C – stock MPD-2. Spectra D, E and F were obtained after analysis of purified MPD-1 
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To investigate, further NMR was performed. Contrary to the expected the NMR analysis 
(Figure 3.11) revealed no differences between aged and purified reagents. The proton NMR 
spectra of the three samples (Figure 3.11 A, B, C) coincide with data from the Spectral 
Database for Organic Compounds SDBS, available online (http://sdbs.db.aist.go.jp). The 
spectra show protons in 4 different environments, peak shifts for all samples were detected at 
around 3.5, 6.0, 6.1 and 6.9 ppm, while the expected shifts were 3.530, 5.944, 6.076 and 
6.912, respectively. After interpretation of the experimental data it was concluded that H-A 
proton (6.97 ppm) and H-C (6.04 ppm) are bonded to C-2 (130.21 ppm) and C-4 (101.96 
ppm), respectively. The two equivalent protons H-B (6.14 ppm) are the ones corresponding to 
the two carbon atoms C-3 (105.98 ppm) and 4 protons H-D (3.55 ppm) are those from the 
two amine groups.  
3.5.2.   Thin film composite membranes on defined ceramic supports  
-  Sacrificial cadmium hydroxide nanowire layer 
During the synthesis of nanowires hydrated cadmium ions             
  
  become solid 
cadmium hydroxide             through the stepwise coordination of hydroxyl ions and 
subsequent condensation of hydroxyl groups bound to individual cadmium ions as follows 
[202]: 
           
  
                         
      
                       
  
According to Ichinose [202] nanowires prepared in this way have a diameter of around 2 nm 
and length of several micrometers. Unfortunately, due to poor quality of TEM images (Figure 
3.12), it was not possible to verify the thickness of nanowires prepared during the course of 
the present work.   
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Figure 3.12: TEM images of cadmium hydroxide nanowires at different magnifications 
The nanowire deposition was carried out as a simple vacuum filtration directly on the surface 
of the pre-washed alumina supports. This step is critical for the formation of a uniform and 
defect free polyamide layer. Omitting the nanowire deposition step, and forming a thin 
selective polymer layer directly on the top surface of our alumina supports always resulted in 
membranes with poor separation properties. In most of the cases the polyamide layer 
delaminated immediately from the alumina support when the composite membranes were 
brought in contact with water.   
 
Figure 3.13: Variation of nanowire layer thickness with the amount (volume) of nanowire 
aqueous solution filtered on the alumina support membrane. The thickness of each nanowire 
layer was obtained from the presented SEM micrographs using ImageJ Image Processing and 
Analysis software 
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After deposition of a nanowire layer on top of the alumina support a decline in the flux of 
pure water was observed. Depending on the thickness of the nanowire layer, water 
permeability of the nanowire-modified alumina support decreased from several hundred 






. As visible from 
Figure 3.13 the nanowire layer thickness could easily be varied from about 50 nm to 300 nm 
or more by varying the amount (volume) of filtered aqueous nanowire solution. Considering 
nanowire layer thicknesses of 120 nm, the total mass of cadmium hydroxide nanowires 
deposited on the surface of the alumina supports could be estimated to be around 0.1 mg.cm
-2 
having in mind a report by Ichinose et al [202] according to which around 10% of the CdCl2 
used for nanowire preparation actually transforms into nanowires.  
While the membranes formed directly on the alumina support or on very thin sacrificial 
nanowire layers (50 nm thick) delaminated instantly after contact with water, the TFCs 
prepared on 120 nm thick nanowire layers (corresponding to 4 ml.cm
2
 nanowire solution) 
showed good stability.  
The preparation conditions for all membranes are presented in Table 3.4, with all films 
formed on top of 120 nm thick sacrificial nanowire layers. The mechanism of the two 
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Table 3.4: Preparation conditions for TFC membranes on nanowire modified alumina support via 
interfacial polymerization  
Membrane Aqueous Phase Organic Phase Reaction time, min 
M3.12 




MPD (1 wt.%) TMC/Hexane (0.1 wt.%) 
2 
M3.15 10 
M3.16 PEI – MW: 1,200 (0.2 
wt.%) 
TMC/Hexane (0.1 wt.%) 
2 
M3.17 10 
M3.18 PEI – MW: 1,200 (1.0 
wt.%) 





Figure 3.14: Interfacial polymerization reaction between m-Phenylenediamine (MPD) and 
Trymesoyl chloride (TMC) according to [203], and branched Polyethylene imine (PEI) and 
Trymesoyl chloride (TMC) according to [204] 
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-  Forward osmosis performance and comparison with conventional thin film 
composites on polymeric supports  
The evaluation of any FO membrane usually involves measurement of the FO flux with a 
given pair of draw and feed solutions. The measured flux then is used to back-calculate the 
membrane structural parameter, its effective porosity and pore tortuosity. Here, since each of 
the alumina supports used has the same very well defined structure, an a priori calculation of 
the structural parameter and expected flux is possible, given that the pure water permeability 
of each membrane is known. Obtaining these values however proved extremely difficult 
because of the fragility of the composites. Instead, for the calculations pure water 
permeability values obtained for analogue membranes prepared on PSf supports, which are 
presented in Table 3.5 along with the rejection of sodium chloride for each analogue, while 
Figures 3.15 and 3.16 summarize the FO performance of each alumina TFC membrane.  
Water flux, L.m-2.h-1



















 Water flux, L.m
-2.h-1




















Figure 3.15: Performance of membranes prepared with MPD (left) and PEI (right) with 1M NaCl/DIW 
draw and feed solutions in AL-FS orientation. Membrane preparation conditions are presented in 
Table 3.4 
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Water flux, L.m-2.h-1
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Figure 3.16: Performance of membranes prepared with MPD (left) and PEI (right) with 0.5M 
MgCl2/0.6M NaCl draw and feed solutions in AL-FS orientation. Membrane preparation conditions 
are presented in Table 3.4 
 
Table 3.5: RO performance and experimental vs. theoretical FO fluxes for M3.12 – M3.19; interfacial 










FO flux ratio 
(ideal rejection) 
Observed-to-theoretical 
FO flux ratio 












M3.12 2.6 41 0.62 0.85 1.05 1.71 
M3.13 1.7 80 0.43 0.66 0.44 0.84 
M3.14 2.8 68 0.25 0.37 0.26 0.48 
M3.15 2.5 70 0.30 1.09 0.31 1.45 
M3.16 8.8 15 0.32 0.42 0.92 1.16 
M3.17 1.0 40 0.20 0.21 0.22 0.26 
M3.18 9.7 55 0.51 0.76 0.69 1.22 
M3.19 0.8 52 0.42 0.28 0.43 0.34 
M3.13-PSF 0.2 50 
 
Membranes prepared directly on PSf without 
sacrificial nanowire layer. Preparation conditions are 
summarized in Table 3.4 (entries 2, 3, 5 and 7)  
M3.14-PSF 0.3 65 
M3.16-PSF 25 7 
M3.18-PSF 30 5 
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The ratio of observed and theoretical FO flux for each membrane was calculated assuming 
ideal separation properties for each membrane (Chapter 1, equation 1-2, with salt 
permeability values of zero), and also with the real salt permeability values obtained for PSf 
analogues in RO experiments. To account for external concentration polarization effective 
osmotic pressure difference on the membrane surface was recalculated in each case using an 




. The validity of this assumption was, 
as previously mentioned, experimentally confirmed. The diffusivity of each draw solute, as 
well as the osmotic pressure of each solution was obtained from Achilli et al [45].   
From the data presented in Table 3.5 it is immediately obvious that a good agreement 
between the experimental and predicted performance was obtained only for some of the 
tested membranes, and the average absolute error was around 45%.  
The reasons for this are not clear, but as will be demonstrated later, formation of polyamide 
inside the pores of the alumina support was observed for some of the membranes. The 
presence of polymer within the support membrane will not only decrease the membrane 
permeability, but will most probably also change the membrane structural parameter. This 
will have a well pronounced negative effect on the observed membrane flux, hence it should 
not be surprising that some of the membranes showed much lower than expected fluxes. 
Additionally, the pure water permeability values used in this calculation were obtained for 
PSf analogue membranes, and as can be seen from equation 1-2, Chapter 1, when 1M sodium 
chloride and de-ionized water are used as the draw/feed solution pair, very small variations of 
the water permeability values could lead to a significant flux change.  
Despite this the obtained fluxes are still reasonably high. When tested with 1M NaCl draw 
and de-ionized water as feed in AL-FS orientation (active layer facing the feed solution or FO 
mode), the MPD/TMC-derived thin film composites show fluxes consistently above 10 L.m
-
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 and Js/Jw values of around 7.5 and 20 g.L
-1
 which are rather high. The fluxes of 
PEI/TMC membranes were slightly lower on average but with lower Js/Jw values (Figure 
3.15). The membranes were also tested with 0.5M MgCl2 and 0.6M NaCl which should be a 
better approximation of a real FO based seawater desalination process (Figure 3.16). 




, while the 
observed fluxes for PEI/TMC membranes are slightly lower – between 2 and 4 L.m-2.h-1. 
The pure water permeability and salt rejection for each membrane was obtained by dead-end 
RO experiments at relatively low applied pressure (5 bar). This was necessary in order to 
obtain pure water permeability values for un-compacted membranes, as this best represents 
the case of FO. The membranes tested were synthesized on polysulfone supports, instead of 
porous alumina disks, because of the brittleness of the latter. PSf thin-film analogues were 
prepared with and without sacrificial nanowire layer in order to demonstrate what the 
influence of the nanostrands on the final membrane performance is. The permeability and 
rejection results, summarized in Table 3.5, show undoubtedly that the presence of a sacrificial 
porous layer, changes the properties of the final TFC membrane.  
There are several possible explanations for this, as it is well known that during interfacial 
polymerization some of the properties of the support membrane have well pronounced effects 
on the performance of the final TFC membrane [174].  
Finally, to illustrate the importance of the defined ceramic support, the membranes were also 
tested in FO experiments with 1M MgCl2 draw solutions and de-ionized water feeds, as 
shown in the data presented in Figure 3.17. As can be expected the membranes on ceramic 
support outperform these prepared on polymer supports, and indeed, using the water 
permeability values (Table 3.5) and fluxes (Figure 3.17) the structural parameter for the 
polysulfone supports can be calculated to be 0.063 +/- 0.021 m - considerably higher than the 
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structural parameter of the ceramic supports. However, it is also visible that membranes 
prepared on polymeric supports showed higher rejection and lower salt flux in RO and FO, 
respectively.  
Water flux, L.m-2.h-1
























Figure 3.17: Comparison of the FO performance of TFC membranes prepared on alumina 
supports and their PSf analogues with 1M MgCl2 draw and DIW feed in FO mode (AL-FS 
orientation) 
-  Characterization of the selective layer of thin film composite membranes 
prepared on defined ceramic supports  
According to Nadler and Srebnik [201] the core of the polyamide film forms relatively 
quickly (several milliseconds) and then the interfacial polymerization reaction slows down 
due to the presence of a solid film at the interface, resulting in restricted monomer diffusion 
to the reaction zone. Monomer concentration has a very strong influence on the properties 
and thickness of the final polyamide film [201]. Thus it is not surprising that changing the 
monomer concentrations resulted in PA membranes with different structures.  
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Figure 3.18: Cross-sectional SEM images of membrane M3.13 prepared with MPD (0.1 wt.%) and 
TMC (0.005 wt.%) for 10 min, showing approximately 250 nm thick top film on top of porous alumina  
 
 
Figure 3.19: Cross-sectional (top) and surface (bottom) SEM images of membrane M3.14 
prepared with MPD (1 wt.%) and TMC (0.1 wt.%) for 2 min. Image on the top left shows the total 
membrane thickness including alumina support, top right image shows approximately 170 nm 
thick PA film 
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Figure 3.20: Cross-sectional and surface SEM images of commercial RO TFC membrane TriSep®X-20 
Comparing the SEM images of the membranes prepared on alumina  to the images of a 
commercial RO membrane (Figures 3.18, 3.19 and 3.20) one can immediately notice that 
M3.13 (0.1wt% MPD and 0.005wt% TMC for 10 min) (Figure3.18) appears to have much 
different, smoother surface with large flat regions, than the surfaces of both M3.14 (1wt% 
MPD and 0.1wt% TMC  for 2 min) (Figure 3.19) and the commercial RO membrane (Figure 
3.20) which show surfaces with uniformly distributed spherical polymer grains ranging in 
diameter from 100 to 200 nm.  The commercial RO membrane has a more pronounced ridge-
valley structure than TFCs on the nanowire modified alumina support.  
It is also evident from the SEM images of M3.13 (Figure 3.18) that the PA layer was formed 
on top of the alumina support resulting in a FO TFC membrane with total thickness of around 
50 µm. There is however a significant amount of polymer formed inside the pores of the 
alumina support, which will probably contribute to the overall mass transfer resistance of the 
membrane by clogging the pores of the support and unfavourably change the membrane 
structural parameter by reducing the support porosity. As explained by Nader and Srebnik 
[201], for TFC membranes formed at lower concentrations of MPD and TMC, the reaction 
zone is much more porous (looser) and forms a thicker film at the interface, as reaction time 
increase. It is possible that polyamide fragments initially formed at the interface are not fully 
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cross-linked, and therefore cannot form a continuous film and are dragged inside the pore 
under vacuum and finally form a composite membrane with a defect-free layer at the top. In 
such cases the interface was probably destroyed at the very beginning of the interfacial 
polymerization. Interestingly, for membrane M3.14 (Figure 3.19) polymer growth inside the 
pores of the alumina support was not observed. At high concentration of MPD and TMC 
highly cross-linked polymer forms very quickly (about 10 mS) [201] and a stable and rigid 
polymer film is formed at the interface. 
Atomic force microscopy was applied for further characterization of the membrane surface 
and the information obtained was analyzed with WSxM software [205]. Height and phase 
AFM images for membranes M3.12 to M3.19, TriSep®X-20 and blank alumina support are 
presented in Figure 3.21. TriSep®X-20 RO membrane and blank alumina support were used 
as control measurements. The measured roughness for these was respectively 56.4 and 23.6 
nm, as shown in Table 3.6. The TFC membranes prepared on alumina however showed 
slightly different properties, with the roughness parameter for these membranes varying from 
16 to 40 nm. Compared to the roughness parameter for membranes which differ in reaction 
time, it is noticeable that membranes prepared by a 2 minute long IP reaction between 
monomers with low concentrations have higher surface roughness than these reacted for 10 
minutes, i.e. the roughness of M3.12 and M3.16 is higher than the roughness of M3.13 and 
M3.17. Also, when the concentrations of monomers are significantly higher for a longer 
reaction time, the surface roughness parameter is higher.  
Similar observations for other surface properties such as peak to valley and average height 
can be made from the data presented in Table 3.6, with M3.17 and M3.19 showing much 
lower average height and shorter peak to valley values. Highest surface ratio was measured 
for the commercial X-20 membrane and of the lab prepared membranes only M3.13 showed 
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a similar value (around 1.6). The surface area ratio for the rest of the membranes is much 
lower and between 1.0 and 1.2. 
Other roughness parameters such as skewness and kurtosis are also presented in Table 3.6. 
The negative skewness value measured for M3.12 is immediately obvious. Skewness is a 
parameter sensitive to occasional deep or high surface features, and a negative skewness 
means that the features of M3.12, unlike the rest of the membranes examined, lie below the 
mean line [206]. Thus it can be concluded that the structure of M3.12 is different than M3.13 
and M3.15 even though they all have similar roughness parameters.  
Kurtosis on the other hand describes the sharpness of the probability density of a given 
profile. In our case kurtosis values for all membranes are well below 3 which correspond to a 
platykurtoic distribution with relatively few high peaks and low valleys, with the exception of 
M3.18 which shows a kurtosis value of 3.61. Depth histograms (Figure 3.22), obtained again 
with the roughness analysis function in WSxM, are useful to visualise the z-distribution of 
surface features for each membrane.   
Power spectral density (PSD) analysis of a given surface usually reveals many more details 
about its structure than roughness parameters alone. The power spectral density of a substrate 
with spatial frequency f usually follows an inverse power law [207] as: 
         
 
      
   (4-1) 
where K and γ are the spectral strength and spectral indices, respectively. The γ, which is also 
known as PSD power can be obtained from the slope of a log-log plot of PSD versus the 
spatial frequency f [209]. The PSD plots for M3.12 to M3.19, X-20 and the alumina support 
are presented in Figure 3.23. All of the PSD plots exhibit typical features – a low frequency 
Chapter 3. Thin film composite membranes on polymeric and defined ceramic supports  
 
117 
PhD Thesis – Ruslan Kochanov  
Imperial College London 
 
plateau and an inverse slope in the high frequency region. The PSD of thin films can easily be 
represented by the so-called k-correlation (or ABC) model as [207],  
         
 
        
 
   
  
  (3-2) 
for a two dimensional isotropically rough, self-affine fractal surface with a cross-over region 
[208, 209]. The parameters A and C describe the low and high frequency regions, while B is 
related to the in-plane correlation length and describes the position of the ‘knee’ of the PSD 
plot. The PSD data for our membranes were obtained after analysis of the AFM images with 
WSxM. The three-parameter ABC model (equation 3-2) was then fitted to the experimental 
data using Curve Fitting Toolbox in MatLAB. The PSD in the low frequency region, well 
beyond the ‘knee’ (B), is described by the value of A which is related to the height of the 
rough surface. At the other end of the power density spectrum, at high frequency the surface 
is fractal and described by C [207].  
The fit parameters, summarized in Table 3.6, can also be used to calculate equivalent RMS 
roughness (ABC) and correlation length (ABC) as,  
      
  
   
       
   (3-3) 
      
  
        
   
   (3-4) 
Comparing the values of A for membranes prepared with the same monomer concentrations, 
it is obvious that higher A values correspond to shorter reaction times, i.e. A value for M3.12 
is much higher than A for M3.13, etc, and this tendency is observed for all membranes, which 
means that the peak to valley ratio varies dramatically when reaction time is increased. The 
same effect can be noticed when comparing the A parameters obtained for composites 
prepared for the same reaction time, but with different monomer concentrations, i.e. 
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comparing M3.12 to M3.14, M3.13 to M3.15 and so on. Another interesting observation is 
that the values of these parameters do not change much for membranes with different amine 
in the aqueous phase, i.e. comparing M3.12 and M3.16, M3.13 and M3.17, etc. This, together 
with the fact that A, B and C for M3.17 and M3.19 are quite similar to the A, B, C values 
obtained for our alumina support might mean that the support roughness and surface features 
definitely have, at least in those two cases, a very strong influence on the surface features and 
structure of the composite membrane.  
According to various reports, the structure of composite membranes depends heavily on the 
support used [210]. The reaction conditions however are also important [211] and our AFM 
based observations are consistent with this. Furthermore, since all of the membranes 
discussed are prepared on a highly uniform and repeatable sacrificial nanowire layer, any 
differences between the individual alumina disks should have limited contribution to the 
structure of the final composites. Thus the observed systematic variation of the surface 
characteristics of our membranes is most probably mainly due to the conditions of the IP 
reaction itself. It is then possible to correlate the IP reaction conditions directly to the 
observed surface features by comparing the average values of A, B and C parameters for all 
of the above-discussed membranes:  
- Considering all membranes, short reaction times give around 8.5 times higher values 
of A, while B and C are 0.4 and 0.8 times smaller than these obtained for long (10 
minutes) reaction times. Comparing the surface properties of membranes prepared 
with different monomer concentrations but the same reaction time, it can be seen that 
on average A for low monomer concentration is about 2.75 times higher than the 
average A value of membranes prepared from monomers in high concentrations. At 
the same time B and C values remain almost constant.  
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- Considering separately membranes prepared with PEI and MPD it is clear that when 
varying the reaction time for MPD/TMC or PEI/TMC membranes from 2 to 10 
minutes the value of A increases 6.75 and 33 fold, while B and C decrease between 
0.4 and 0.5, and 0.8 and 0.9 fold, respectively.  
Considering membranes prepared with different reagent concentrations but the same reaction 
time this effect is less pronounced – A increases 2.5 and 1.8 fold for MPD/TMC and 
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Figure 3.21: Surface topography and AFM tapping phase images for M3.12 – M3.19, commercial 
TriSep®X-20 membrane and the blank alumina support 
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Figure 3.22: Depth histogram of the surface features of thin-films prepared with MPD (left, M3.12-
M3.15) and PEI (right, M3.16-M3.19) compared to commercial TriSep®X-20 membrane and blank 
alumina support 
x, log(nm-1)















































































Figure 3.23: Power spectral density for membranes prepared with MPD (M3.12-M3.15) and PEI 
(M3.16-M3.19) compared to PSD of the blank alumina support and a commercial TriSep®X-20 
RO membrane 
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Table 3.6: Surface characteristics of thin films prepared by IP reaction 
Membrane 






























TriSep®X-20 56.4 0.337 -0.626 391 174 1.622 2.31 1.214 1.262 -2.414 3500 0.07 
M3.12 39.2 -0.058 0.095 337 186 1.613 2.33 0.770 2.218 -2.229 800 0.17 
M3.13 24.3 0.072 0.395 252 137 1.180 2.29 0.034 9.813 -2.619 1.40 4.89 
M3.14 32.2 0.585 1.52 382 173 1.265 2.25 0.151 6.400 -2.350 17.0 1.61 
M3.15 40.2 0.377 0.207 337 154 1.162 2.21 0.103 7.108 -2.427 9.0 2.15 
M3.16 32.0 0.224 0.538 328 186 1.280 2.30 0.221 4.064 -2.432 59.0 0.71 
M3.17 16.0 0.259 1.40 172 77 1.043 2.24 0.005 12.97 -3.029 0.092 11.6 
M3.18 20.9 0.512 3.61 285 156 1.030 2.16 0.116 5.912 -2.547 14.0 1.65 
M3.19 22.8 0.042 0.249 172 84 1.024 2.18 0.005 13.47 -2.981 0.088 12.0 
Alumina 
support 
23.6 0.333 0.071 159 75 1.078 2.27 0.007 13.01 -2.940 13.0 11.0 
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3.6.  Conclusions  
The work presented in this chapter regards development of thin-film composite membranes. 
The initial results obtained for TFCs prepared on polymeric PAN, CA, PBI and P84 supports 
were poor and difficult to reproduce. These membranes were also shown to quickly develop 
defects which significantly worsened their separation properties. The initially set goals and 
objectives were therefore reconsidered.  
In order to address the poor salt rejections and high variability of the results investigation of 
the optimal formation technique was undertaken, along with investigation of the influence of 
the purity of the amine reagent. Best results were obtained when TFC membranes were 
prepared by vacuum filtration and purified MPD was used.  
The method was used to prepare TFC membranes on alumina supports with defined structure 
and structural parameter suitable for FO applications. TFC membranes were obtained with 
the help of sacrificial nanowire layer deposited on the alumina disks prior to impregnation 
with amine reagent. TFC membranes formed with TMC and MPD or PEI in different 
concentrations were investigated, the reaction times varied at 2 and 10 minutes. The 
membranes were characterized by SEM and AFM techniques. PSD analysis was used to 
characterize the structure of the top layer of these membranes and the results suggested that 
the morphology of the thin films might be controlled using different reagent concentrations 
and reaction times. This observation is consistent with other studies, although films with 
ultra-smooth surface were not obtained.  
The good structural properties of the used ceramic support ensured good FO fluxes when the 
membranes were tested with 1M NaCl draw solution and de-ionized water or 0.5M 
MgCl2/0.6M NaCl in FO mode (AL-FS configuration).  
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Additionally, since the structural parameter of the used supports was known a priori, it was 
possible to compare the experimentally obtained fluxes to theoretically predicted values. 
Good agreement between measured and expected fluxes was obtained for some of the 
membranes.  
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Chapter 4 A 
Membrane fouling in forward osmosis  
 
 
4.1.  Summary  
The thin film composite membranes on defined ceramic supports were challenged with 
organic fouling agent (Bovine serum albumin, BSA) in a continuous forward osmosis 
experiment, coupled with reverse osmosis draw recovery stage. The experiments were up to a 
week long, and formation of 0.5 to 6 µm thick BSA layer on top of the membrane surface 
was observed. Flux decline, most probably due to cake-enhanced osmotic pressure was also 
observed.  
Forward osmosis performance using the thin film composite membranes on defined supports, 
presented in Chapter 3, was compared to the performance of a commercial low-fouling 
reverse osmosis membrane. The same membrane was used in forward and reverse osmosis 
experiments to directly compare fouling effects in both processes. The BSA layer was 
characterized using atomic force microscopy (AFM) and power spectral density (PSD) 
analysis, as described in the previous chapter, and the elastic modulus of the fouling layer 
was measured using nanoindentation. The changed membrane morphology after contact with 
BSA suggests that the layer formation, at least for the tested membranes, is strongly 
influenced by hydrodynamic conditions.  
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The observations agree with published literature data on BSA membrane fouling in forward 
osmosis.    
4.2.  Background and literature review 
4.2.1.   Membrane fouling phenomenon  
Although according to reports FO might not bring significant advantages over RO in terms of 
energy requirements [37], there are some suggestions that due to the milder process 
conditions membrane fouling is less pronounced in FO [38]. Thus, evaluation of the fouling 
behaviour of membranes in FO is important and there have been numerous reports on the 
subject recently. 
Membrane fouling and concentration polarization are the two most significant problems in 
membrane-based sea water desalination, and the phenomenon is well studied in RO. There 
are four general types of membrane fouling in membrane-based water desalination: inorganic, 
natural organic matter, colloidal and biological. The dominant fouling mechanism is 
formation of a fouling cake, due to the fact that the membranes used are non-porous [212]. 
Fouling is a complex process and is affected by numerous parameters and properties of the 
membrane, such as hydrophilicity, surface charge and roughness. General knowledge 
suggests that a hydrophilic surface offers better fouling resistance, as many organic foulants, 
proteins for example, are hydrophobic in nature [213]. The membrane roughness according to 
Sagle et al [214] also plays important role and reports explain high fouling rates with high 
surface roughness [215, 216]. According to Vrijenhoek et al [215], who investigate colloidal 
fouling phenomena for RO and NF membranes, more particles are deposited on rough 
membranes than on smooth. Additionally the particles tend to accumulate preferentially in 
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the valleys of rough membranes, which leads to ‘valley clogging’ and results in severe flux 
decline.  
Each type of fouling occurs by different mechanisms, and six principal mechanisms have 
been identified – pore blocking, cake formation, concentration polarization, organic 
adsorption, inorganic precipitation, biological fouling.  
Particles and colloids sizes vary on a wide range in natural waters and can be settable solids 
(over 100 µm size), supra-colloidal solids (1 µm to 100 µm), and colloidal solids (1 nm to 1 
µm) and dissolved solids (less than 1 nm size). The mechanism of particle/colloidal fouling 
includes pore blocking, cake formation and concentration polarization.  
Precipitation of inorganic compounds can occur on the membrane surface due to hydrolysis 
or oxidation. Two major mechanisms are responsible for this – crystallization, during which 
ions precipitate when their solubility is exceeded, and particulate mechanisms where 
deposition occurs due to convective transportation of colloids from the bulk solution to the 
membrane surface. This type of fouling is typical in applications such as RO and NF due to 
the usually high feed concentration. The main inorganic substances that cause membrane 
fouling are calcium, magnesium, carbonate, sulphate, silica and iron.  
Dissolved natural organic matter (NOM) is present in natural waters and has been identified 
as a major foulant of polymeric membranes. First, NOM might absorb and narrow or 
completely block pores and permeation paths in a membrane; it might form a gel layer and 
block the pores, or, in cases in which NOM and particles are present together, it might form a 
low permeability NOM-particles layer on the membrane surface [217].  
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Biofouling is often a major challenge in membrane separations. According to Sadr Ghayeni 
et al [218] three steps can be identified during biofilm formation. A conditioning film of 
proteins and macromolecules is formed first, followed by bioadhesion and biofilm 
development. The severity of the phenomenon will depend on the properties of the 
microorganisms, membrane surface and solution.  
Fouling is often the cause of an effect called cake-enhanced osmotic pressure (CEOP). CEOP 
could be described as increased flux resistance due to aggravated concentration polarizaiton 
in the system. The reason behind this effect is simple – solutes trapped in the fouling layer (or 
cake) need to diffuse back to the bulk solution, but the tortuous nature of the fouling cake 
means decreased diffusion rates. Thus the solute concentrations within the cake are higher 
than in the bulk, the effective driving force is decreased, and so is membrane flux. To better 
characterize the phenomenon Chong et al [219] developed a chloride tracer response 
technique. Using this method the authors were able to conclude that reverse osmosis CEOP 
effects are far more pronounced at high flux and low crossflow velocities due to the 
formation of a thicker fouling cake, and they also confirmed that fouling does not occur at 
low membrane flux, which is consistent with the definition of critical flux.  
Fouling in water treatment however is usually caused by several foulant types present in the 
feed streams. A strong synergistic effect is observed in such cases and considerably higher 
than expected flux declines are reported as a result of combined fouling. Li and Elimelech 
[220] for example investigate the combined fouling effects of colloids and NOM during 
nanofiltration. The higher than expected flux decline is attributed by the authors to the 
hindered back diffusion of foulants due to the interactions between organic and colloidal 
foulants. In another work Contreras et al [221] report similar observations. The highest 
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degree of synergy in their investigation is reported when an interacting foulant (such as BSA) 
able to adsorb on silica colloids or the membrane surface is present. The significant influence 
of BSA is due to the fact that it reduces the repulsive interaction between colloidal foulants 
and the membrane surface.     
The most valuable reports on the fouling phenomenon however, are probably those 
describing the problem at industrial scale. An example demonstrating the complexity of the 
fouling phenomenon is published by Melian-Martel et al [222], and presents an assessment of 
membrane fouling in a RO desalination plant after 4 years of operation. The authors have 
used numerous techniques to derive conclusions about the nature of the fouling cake. 
Namely, SEM and optical microscopy were used to reveal that the fouling layer consists of 
particulate matter embedded in an amorphous matrix which is unevenly distributed over the 
membrane surface. Various analytical techniques were used to demonstrate that the 
predominant organic deposits consist of polysaccharides and proteins. Numerous alkali and 
alkaline earth metals were also identified.   
4.2.2.   Membrane fouling in forward osmosis  
In-depth analysis of the fouling phenomenon in industrial scale FO is not available. However, 
a report by Modern Water (the first industrial user of FO) indicate that FO as part of a 
Manipulated Osmosis Desalination (MOD) process could be beneficial as it results in 
reduction of membrane fouling, lower operating costs and lower energy consumption than 
RO [223]. The conclusions regarding membrane fouling in FO coincide with lab-scale studies 
on the problem. One of the first available direct comparisons of fouling in FO and RO 
suggests that fouling in FO, unlike RO, is reversible [224]. Additionally, any flux decline in 
FO is mainly attributed to CEOP induced by back diffusion of draw agent through the 
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membrane. The result is lowered osmotic driving force, which of course means lower water 
flux through the membrane. Additionally Boo et al [225] report that fouling and flux decline 
mitigation in FO desalination could be achieved by improved hydrodynamic conditions in the 
FO unit. Other reports agree on the fact that flux of FO membranes remains stable when 
challenged with organic foulants, and that the main factor dominating membrane 
performance in FO is internal concentration polarization (ICP), rather than membrane fouling 
[226]. A report by Valladares-Linares et al [227] investigating the mechanism of occurrence 
of biofouling on FO membranes also suggests that biofouling and flux decline could be 
mitigated by improved hydrodynamics in the system.  
Currently there is a consensus regarding the fouling phenomenon in FO. Fouling in FO is 
generally not as severe as in RO, but the mechanism, occurrence and effects on flux are 
significantly different due to intrinsic process characteristics, such as ICP and reverse draw 
flux [228].  
The reverse draw flux indeed contributes to fouling in forward osmosis. Zou et al [229] 
present a good experimental overview of forward osmosis fouling during separation of 
microalgae. They report that a critical flux during FO was observed, and fouling was more 
prominent at high fluxes, while the reverse diffusion of magnesium ions from the draw 
solution (MgCl2) contributed to more severe fouling. Similar results are reported by She et al 
[230] as they conclude that reverse solute flux of divalent cations, if high enough, can 
promote fouling of the FO membrane. Therefore the authors recommend the use of draw 




). Similarly Boo et al 
[231] report on flux decline and accelerated fouling in FO due to reverse draw flux. The 
effect is numerically investigated by Park et al [232].     
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Using a commercial CA membrane supplied by HTI Motsa et al [233] demonstrate some 
important aspects of the mechanism of organic fouling in forward osmosis. They observed 
free calcium ions forming bridges with alginate macromolecules resulting in Ca-alginate 
complexes being deposited on the membrane surface. The rate of initial alginate particle 
adhesion on the membrane surface was controlled by the chemical interactions between 
membrane surface and alginate, confirmed by correlation between the initial rate of fouling 
and free energy of adhesion. After initial deposition of alginate on the membrane surface, 
fouling was governed by interactions between the already formed alginate layer and alginate 
particles in the feed solution. Fouling was not influenced by increased ionic strength of the 
feed solution. On the other hand Mi and Elimelech [234, 235] demonstrate that alginate 
fouling in FO is almost completely reversible by simple physical cleaning. In addition, using 
atomic force microscopy (AFM) adhesion force measurements they find evidence that a small 
percentage of relatively high-adhesion sites on the membrane surface contribute significantly 
to increased membrane fouling and decreased cleaning efficiency. In another work [236], the 
same authors demonstrate that interactions between foulants play an important role in 
forward osmosis. Several cases of membrane fouling were observed depending on the 
strength of these interactions and hydrodynamic conditions. Alginate for example, due to 
calcium binding, forms a cake under all tested hydrodynamic conditions, while BSA forms 
cake only under the most favourable conditions.  
Other investigations on the nature and effects of fouling in forward osmosis agree with the 
above. Kim et al [237] systematically investigate combined organic and colloidal fouling 
under various experimental conditions, solution chemistries and applied hydraulic pressure 
on the feed side of a commercial CA membrane (HTI). Synergistic effects occurring between 
colloids and alginate are reported to result in rapid flux decline. Investigation of the 
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phenomenon at different pHs of the feed solution yielded interesting results – less flux 
decline was observed under neutral conditions, while acidic or basic pHs favoured either 
alginate or colloidal (silica) fouling, respectively. The membrane showed increased fouling 
propensity and lower fouling reversibility when hydraulic pressure was applied on the feed 
side. This of course could be evidence suggesting that the lower severity of fouling in FO is 
due to the fact the process operates at atmospheric pressure. Other recent investigations of the 
nature of fouling in forward osmosis worth mentioning are published by Gu et al [238], 
Parida and Ng [239], Liu and Mi [240, 241], Xie et al [242,243], Linares et al [244], 
Arkhangelsky et al [245].     
Reports describing the biofouling phenomenon in forward osmosis are also available. Yoon et 
al [246] investigate biofouling in FO with Pseudomonas aeruginosa PA01 GFP on a lab-scale 
cross-flow system. Their main conclusion is again that flux decline due to fouling in FO is 
less severe than in RO. Additionally after examination of the morphology of the biofilm they 
observed that the layer in forward osmosis appears to be much looser than in RO, although 
the latter was about 25% thinner.  
4.3.  Objectives 
Given the importance of the fouling phenomenon for water desalination the objectives 
defined for the work presented in this chapter were as follows:  
- Development of a two stage FO-draw recovery experimental set-up in order to ensure 
constant process conditions during long-term fouling experiments.  
- Evaluation of organic fouling propensity of commercial low-fouling RO membrane 
applied in FO and comparison with the fouling propensity of the TFC membranes on 
alumina supports presented in the previous chapter.  
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- Investigation of flux decline in FO due to organic fouling layer build up.  
- Characterization of the fouling cake and correlation with process conditions and 
membrane properties.  
- Characterization of the morphology and mechanical properties of the fouling layer.  
- Comparison between fouling in FO and RO.  
4.4.   Materials and methods  
4.4.1.   Materials 
Chemicals used for membrane preparation and testing are listed in the materials and methods 
section of the previous chapter. Bovine serum albumin (BSA) was supplied by Sigma-
Aldrich, United Kingdom.  
4.4.2.   Formation of thin film composite membranes on defined ceramic 
supports and sacrificial cadmium nanowire layers  
Membranes and cadmium nanowires were prepared as described in Chapter 3. The 
preparation conditions for membranes studied in this Chapter are summarized in Table 4.1.  
4.4.3.   Membrane characterization  
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were carried out 
as described in Chapter 3.  
The elastic modulus of the thin films was measured with NanoWizard®3 BioScience AFM 
(JPK Instruments). Nanoindentation measurements were carried out with quadratic pyramid 
shape tip from Bruker’s Sharp Microlever (MSNL-10, tip E). The calibrated values for spring 
constant and sensitivity were 0.1597 N.m
-1
 and 27.97 nm.V
-1
. Calibration was performed by 
indenting the tip on a soda-lime glass.  
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4.4.4.   Forward and reverse osmosis experiments 
Short term reverse osmosis experiments were performed as described in Chapters 2 and 3. 
Long-term forward osmosis-reverse osmosis membrane testing was performed using the 
membrane testing cells illustrated in Figure 4.1. The used FO test cell can accommodate 
membranes with an area of up to 44 cm
2
 (Figure 4.1, left), and RO was carried out using a 
cell with a maximum membrane area of 54 cm
2 
(Figure 4.1, right). During the week long FO-
RO experiments the draw solution used in the forward osmosis stage was constantly 
recovered by the RO second stage, as illustrated in Figure 4.2. Magnesium sulphate with 
initial concentration of 0.75M was used as draw agent.  
External concentration polarization and fouling effects are often related [217], therefore mass 
transfer coefficients for BSA in the forward and reverse osmosis equipment were obtained as 












For long-term RO experiments the stirring rate was decreased in order to lower the external 
mass transfer coefficient value. The two cases (low and high RO mass transfer coefficient) 
are denoted in the text below as ‘Low MTC’ and ‘High MTC’. 
Table 4.1: Membrane preparation conditions  
Membrane 
Reagent 1 (TMC) 
concentration,  
wt. % 
Reagent 2 (MPD or 
PEI) concentration, 
wt. % 
Reaction time, s Support 
M4.1 0.1 0.005 600 
Alumina M4.2 2 0.1 120 
M4.3 1 0.1 120 
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Figure 4.1: FO and RO cells used for continuous FO-RO process 
 
 
Figure 4.2: Experimental set-up for continuous FO-RO process 
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4.5.  Results and discussion 
4.5.1.   Flux behaviour during forward and reverse osmosis fouling experiments    
Commercial TriSep®X-20 membrane and the presented in the previous chapter TFC 
membranes on ceramic supports were challenged with aqueous BSA solution during FO 
experiments. As described earlier the FO stage was coupled together with an RO unit in order 
to ensure constant driving force throughout each experiment. The conditions at which the 
membranes were tested are listed in Table 4.2.  
Figure 4.3 presents the behaviour of the commercial TriSep®X-20 membrane, used in both 
stages of one such experiment. As visible from the graph the membrane in FO showed 
minimal flux decline, and the RO flux decreased with time as expected, due to the 
concentration of the draw solution. A summary of the behaviour of membranes M4.1 to M4.3 
and TriSep®X-20 tested with BSA in FO is presented in Figure 4.4 and Table 4.3. As is 
shown by the results the normalized flux (ratio of average flux before and after BSA 
addition) for membranes X-20 and M4.1 is close to 1. On the other hand however, 
membranes M4.2 and M4.3 showed significantly decreased flux after BSA addition – 30% 
and more than 50%, respectively. It is interesting to note that higher flux decline corresponds 
to higher initial water flux, or higher initial water flux together with higher reverse draw flux, 
as is obvious by the low J/J0 ratio calculated for M4.2 and M4.3. This might be evidence for 
cake-enhanced concentration polarization as observed by other authors [219].  
Comparing the BSA film observed for TriSep®X-20 in RO (Figure 4.5 C, D) and FO (Figure 
4.5 E, F) to the images obtained for M4.1, M4.2 and M4.3 (Figure 4.6) several observations 
can be made. First, no continuous BSA film was observed after the commercial membrane 
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was tested in FO, while a film was formed with the same membrane in RO. As is visible from 
Figure 4.5 C and D, a 0.5 µm thick BSA layer was only formed when the membrane was 
used in RO, while only agglomerates of BSA covering 30 to 50% of the membrane surface 
(Figure 4.5 E, F) were observed for the same membrane in FO. A BSA layer of similar 
thickness to the one observed in RO experiments was present on the surface of membrane 
M4.1, although no flux decline was observed in FO for that membrane (Figure 4.6 A, B). 
Comparing the surface and cross-sectional images obtained for TriSep®X-20 after FO 
experiments with BSA feeds to the images obtained for M4.1, M4.2 and M4.3 and the 
normalized (J/J0) values it is obvious that BSA fouling in FO is strongly dependant on the 
initial FO flux. This is consistent with the conclusions of Mi and Elimelech [236] who 
observed significant differences in fouling behaviour with BSA for high and low permeation 
drag. According to the authors a change in permeation drag will can cause a transition of the 
structure of the fouling layer from loose to much more compact cake.  
The different BSA layers formed on the surface of each membrane are interesting and as 
visible from Figure 4.6 BSA layers with thicknesses of 0.5, 6 and 1.5 µm, respectively, were 
formed on the top surfaces of M4.1, M4.2 and M4.3. Judging by the thickness of each film, 
the highest flux decline can therefore be expected for M4.2 and the lowest for TriSep®X-20. 
However the most severe flux decline was observed for M4.3, in which case the BSA cake 
was 4 times thinner than the cake formed on the surface of M4.2. A possible explanation for 
this is the fact that the formed films have different structures, which is especially obvious for 
the film formed on the surface of M4.2, although both membranes show similar initial fluxes.  
Since the draw solution concentration was kept constant during these experiments the 
decrease in flux after addition of BSA could only correspond to decreased membrane 
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permeability due to the formation of a BSA cake on the membrane surface. The FO flux is 
governed by equation 1-2 when the active layer of a membrane is in contact with the feed 
solution and the porous support layer is facing the draw solution and depends on the 
membrane structural parameter value (S), solute permeability (B), water permeability (A) and 
osmotic pressures of the draw solution only, as the feed was de-ionized water.  
Using equation 1-2 and the experimentally obtained water and reverse draw fluxes the 
permeability change for each membrane was estimated and is presented in Table 4.3. The 
similar fluxes observed for TriSep®X-20 and M4.1 before and after BSA addition mean no 
change in membrane permeability. The decline in flux for M4.2 and M4.3 however translates 
into a decrease of the pure water permeability of each membrane with A/A0 ratio for M4.2 
estimated to be approximately 0.7, and approximately 0.3 for M4.3.  
Table 4.2: List of process parameters  
Parameter Value 
Feed flow-rate to RO unit 1 ml.min-1 
RO membrane area 54 cm2 
FO membrane area 
- Minimal 0.7 cm2 
- Maximal 44 cm2 
Draw solute (MgSO4) diffusivity 0.5x10
-9 m2.s-1 
RO cell volume 100 cm3 
Applied pressure in RO 30 bar 
Initial draw solution concentration 90 g.L-1 
Feed solution 
- Deionized water --- 
- Aqueous BSA concentration 20 mg.L-1 
Draw/feed solution volume 2 L 
Draw/feed recirculation flow rate (FO stage) ~50 L.h-1 
 
 




PhD Thesis – Ruslan Kochanov  
Imperial College London 
 
 
Figure 4.3: Process behaviour during a fouling experiment with BSA (20 mg.L-1) 
 













TriSep®X-20 0.95 0.95 144 * ~1 
M4.1 6.20 1.30 150 0.50 ~1 
M4.2 7.70 0.78 140 6.23 0.7 
M4.3 9.30 0.35 24 1.65 0.3 
*Continuous BSA film after FO experiment was not observed for membrane X-20  
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Figure 4.5: SEM micrographs showing the cross-section (left) and surface (right) of TriSep®X-20 
used in RO with pure water (A, B), RO with BSA and low mass transfer coefficient (C, D) and the 
same membrane used with BSA feed in FO (E, F). Inserts show the same sample area at lower 
magnification 
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Figure 4.6: SEM micrographs showing TFC membranes after FO experiment with BSA feed. A – 
cross-sectional image of M4.1, B – surface of M4.1, C – cross-sectional image of M4.2, D – 
surface of M4.2, E – membrane M4.3. Inserts show the same area of the SEM sample at lower 
magnification.  
4.5.2.  Fouling layer characterization by atomic force microscopy and 
nanoindentation measurements 
AFM characterization of the membrane surface after BSA contact was carried out using 
Innova® atomic force microscope with a Vecco® phosphorous doped silicon tip (MPP-
11100-W) in tapping mode. The captured images for pristine membrane TriSep®X-20 and 
X-20 used in RO and FO are presented in Figure 4.7, while AFM images for membrane M4.3 
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are presented in Figure 4.8. Calculated surface RMS roughness, peak-to-peak, skewness and 
kurtosis data are summarized in Table 4.4. 
As mentioned before the commercial TriSep®X-20 membrane was used in FO and RO in 
order to obtain a reference for the intensity of membrane fouling in both processes. The 
membrane was subjected to best/worst case of RO filtrations with BSA present in the feed 
solution. The difference between the two cases were that first TriSep®X-20 was contacted 
with BSA in RO for only very short time – 60 minutes, and the BSA mass-transfer coefficient 




. The second case of RO filtration with TriSep®X-20 the 
experiment was continued for 7 days and the BSA mass-transfer coefficient was decreased 
approximately 10 fold by reducing the stirring rate in the RO cell.  
Comparing the pristine membrane to the one contacted with BSA for a week in RO (Figure 
4.7 A, C, E and G) there are, as expected, some significant changes in the surface features of 
the membrane. For example the maximum height of the membrane after contact with BSA 
increases from around 390 nm to 1100 nm, the RMS roughness and peak to peak increase 
from 56 to 88 nm and from 390 to 620 nm, respectively. The changes in the membrane 
surface features observed only after an hour long contact with BSA (Figure 4.7 B, F), 
however, are very interesting and deserve mentioning. As is visible from the extracted height 
profiles (Figure 4.7 F) and the surface parameters listed in Table 4.4, contamination of the 
membrane surface was present even after such a short experiment. The RMS roughness for 
this sample was measured to be around 165 nm, with peak to peak value of around 1100 nm 
and maximum height difference of 600 nm. The same membrane tested in a week long FO 
experiment showed similar surface features – maximum height was approximately 500 nm, 
RMS roughness 66 nm, and peak to peak 500 nm (Figure 4.7 D, H). Similar changes were 
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observed for membrane M4.3 (Figure 4.8). AFM characterization of the BSA cake for 
membrane M4.1 and M4.2 however was not possible, as due to the softness of the film the 
obtained AFM images were burdened with numerous artefacts.   
Power spectral density (PSD) analysis was performed for each of the membranes in order to 
obtain better understanding of how the surface features of each membrane change after 
contact with BSA. The PSD curves are presented in Figure 4.9. The power spectral density 
analysis procedure was described in the previous chapter. Equations 3-3 and 3-4 were used to 
calculate equivalent RMS roughness and correlation length, equation 3-2 was to the PSD plot 
to obtain values for A, B and C, presented in Table 4.4. As is visible from the calculated 
values, completely different surface features were observed for all membranes after BSA 
contact. The A values calculated for pristine X-20 and M4.3 membranes were respectively 
1.214 and 0.116 nm
4
. A values of 0.204 and 0.543, respectively, were calculated for 
TriSep®X-20 after each RO experiment with BSA feed, while for the membrane used in FO 
with BSA feed this value was calculated to be 0.159. The B parameter in each of these three 
cases increased from 1.262 nm
-1
 (pristine membrane) to 7.373, 4.459 and 7.728 nm
-1
, 
respectively. In the same the PSD data obtained for M4.3 revealed that the values of A 
increases from 0.116 to 0.227 nm
4
, while the value of B increases from 5.912 to 7.593 nm
-1
.  
Roughness analysis can also illustrate the changed membrane surface after BSA in RO or FO. 
As visible from Figure 4.10 A the maximum number of events for the pristine TriSep®X-20 
membrane is around 30,000 and appears at approximately 50% of the total height (200 nm). 
It appears that the peak does not shift (in absolute z) when the same membrane is used with 
BSA in FO, or RO with high mass-transfer coefficient. However, in relative z coordinates a 
shift to the left (lower relative z) becomes apparent for both membranes and in the same time 
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the maximum number of events is decreased three fold. This might mean that the BSA first 
deposits in the valleys on the membrane surface, and hence that the BSA adsorption process 
is dominated mainly by hydrodynamic conditions. This might also mean that smoother 
membranes might have less pronounced fouling tendency as reported [214, 215, 216], and 
that a further investigation of the fouling behaviour of TFC membranes with precisely 
controlled smoothness and surface properties might be viable.    
The reason behind the formation of a much thicker film on the surface of M4.2 however is 
unclear and the AFM analysis does not reveal much. Comparing the surface properties 
obtained for pristine membranes a slightly lower RMS roughness for M4.1 (24.3 nm) is 
observed, while 32.2 nm were measured for M4.2. The highest value of RMS roughness was 
obtained for M4.3, along with average height of 186 nm. The PSD analysis of the pristine 
samples and fitting of experimental data to equation 3-2 shows that the A value for M4.2 is 




 and 0.116 nm
4
 for M4.1, 
M4.2 and M4.3), and B value in between these of M4.1 and M4.3.    
An attempt to further characterize the properties of the BSA cake by indentation 
measurements was made. For each membrane the force-distance curve was measured at 10 
different points on the membrane surface and the obtained curves for membrane TriSep®X-
20 are presented in Figure 4.11. The curves show a distinctively higher adhesive (‘snapping’) 
force for the membranes used in RO – around 2 nN, while the one tested in FO is 
significantly less – around 0.5 nN. The elastic moduli for each membrane were calculated 
using the Hertz model in Scanning Probe Image Processor®6 (SPIP), as an average of at least 
6 measurements and are also presented in Figure 4.11. The values obtained for each 
membrane are relatively close It is immediately obvious that in all cases a very soft (several 




PhD Thesis – Ruslan Kochanov  
Imperial College London 
 
tens of MPa) film was formed. Additionally, these values were lower for membranes used in 
FO, which is also apparent when comparing the commercial X-20 membrane used in FO and 
RO – the Young’s modulus for the first was measured to be around 15 MPa, and in the 
second case this value was around 30 MPa. The values for the rest of the membranes used in 
FO were between 10 and 25 MPa.  
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Figure 4.7: AFM images of the pristine TriSep®X-20 (A), X-20 used in RO with BSA and high (B) or 
(C) low mass-transfer coefficient; the same membrane used in an FO run with BSA feed (D). E to 
H show height profiles as indicated on each AFM image 
Chapter 4. Membrane fouling in forward osmosis 
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Figure 4.8: AFM images of pristine M4.3 (A) and the same membrane after FO experiment with BSA 
(B). C and D show height profiles as indicated on each AFM image 
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AFM data ABC model fit 
Comment 






















After RO with 
BSA, 
high MTC 
165 0.066 3.04 1141 515 0.204 7.373 -2.215 0.02 1.83 
Current 
Chapter 
After RO with 
BSA, 
low MTC 
88.4 1.40 5.94 620 165 0.543 4.459 -2.082 0.16 0.57 
After FO with 
BSA feed 
66.3 0.57 3.50 504 180 0.159 7.728 -2.269 0.01 2.15 




M4.2 Pristine 32.2 0.585 1.52 382 173 0.151 6.400 -2.350 17.0 1.61 
M4.3 
Pristine 32.0 0.224 0.538 328 186 0.116 5.912 -2.981 0.01 1.65 
After FO with 
BSA feed 
40.3 0.17 2.94 381 219 0.227 7.593 -2.147 0.02 1.80 
Current 
Chapter 
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M4.3 with BSA feed in FO
 
Figure 4.9: Power spectral density (PSD) plots for TriSep®X-20 membrane used in RO and FO (top) 
and membrane M4.3 – pristine and after FO experiment with BSA (bottom) 
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Figure 4.10: Roughness analysis of TriSep®X-20 membrane used in RO and FO (A) and M4.3 (B) – 
pristine and after a FO experiment with BSA 
A 
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Figure 4.11: Force curves (top) for TriSep®X-20 membrane tested in RO and FO with BSA containing 
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4.6.  Conclusions  
Thin film composite membranes, the formation of which was described in Chapter 3, were 





 containing salts promote organic fouling in forward 
osmosis, but despite this magnesium sulphate was used as draw agent and was re-
concentrated using a reverse osmosis membrane in order to ensure constant draw solution 
concentration.  
BSA films were formed on top of the tested membranes. Severe flux decline was observed 
when high initial FO flux was coupled with significant reverse draw flux, which is consistent 
with the available literature data and evident for cake-enhanced osmotic pressure. The fouling 
layer was characterized by AFM and nanoindentation measurements. PSD analysis was 
performed on the obtained AFM data to characterize the morphology change of the 
membranes after contact with BSA. Roughness analysis suggested that BSA film formation 
was strongly influenced by hydrodynamic conditions. 
A commercial RO membrane was tested along with the TFC membranes on defined supports. 
The membrane was used in FO, as well as in RO experiments to obtain a benchmark for the 
fouling phenomenon in both processes. Whether FO offers advantages over RO in terms of 
membrane fouling surely is a question requiring an answer far more complex than ‘yes’ or 
‘no’. During the course of this work however a distinctive difference was observed when the 
commercial RO membrane was challenged with BSA in RO and FO. Continuous cake was 
not formed when the membrane during a week-long FO process, but compact film was 
observed on the membrane surface after RO experiments with the same length.  
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In general, all findings reported in this chapter agree with the available literature data 
regarding membrane fouling in FO.  
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Chapter 5 AAA  
Membrane area requirements for forward osmosis – 
nanofiltration seaweater desalination  
 
 
5.1.  Summary  
This chapter presents estimated requirements in terms of membrane area and volume for FO-
NF seaweater desalination. In order to predict FO fluxes in different membrane and flow 
configurations, and to determine whether process intensification can be achieved by using a 
different draw agent, a simple FO performance model was adopted.  
The model predicts that optimal for FO is counter-current flow of draw and feed solutions, 
and that much higher FO fluxes can be achieved by using a draw agent with higher 
diffusivity, as this will mean higher D/S value and therefore better utilization of the applied 
osmotic driving force.  
Optimal recovery ratios in co-current and counter-current FO were determined and it was 
also demonstrated that external mass transfer coefficients can be flux limiting in FO. The 
estimations of required membrane area were performed for commercial cellulose acetate 
membrane (HTI CA) and the membranes on defined alumina supports from Chapter 3, in co-




PhD Thesis – Ruslan Kochanov  
Imperial College London 
 
current and counter-current modes, with or without correction for external concentration 
polarization.  





draw agents promote organic fouling and therefore the use of such draws is not 
recommended. However, compared to all draw agents considered in this chapter the 
performance of magnesium chloride lies midway between the best and the worst. Therefore, 
in order to ensure that the obtained values are not vastly under or overestimated the final 
calculations regarding membrane area requirements for FO-NF desalination were based on 
magnesium chloride draw solutions. 
5.2.  Background and literature review 
5.2.1.   Water and solute flux across a forward osmosis membrane   
It was already mentioned on several occasions that the water flux in forward osmosis is self-
limiting and hindered by concentration polarization effects occurring within an FO 
membrane. The higher the applied osmotic driving force in FO, the higher becomes the 
influence of ICP and therefore the resultant FO flux does not increase proportionally to the 
applied osmotic pressure difference.  
Depending on the orientation of the membrane ICP could either lead to an increased feed 
concentration (concentrative ICP) or decreased draw concentration (dilutive ICP). In either 
case the effective driving force of the process becomes less than the osmotic pressure 
difference between draw and feed solutions. The phenomenon was first described by Loeb et 
al [248] who experimented with commercial RO membranes and concluded that the main 
limitation of the FO process occurs within the porous support fabric of these membrane.   
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Gray et al [249] study these effects in series of controlled experiments using sodium chloride 
draw and feed solutions. The authors confirm the validity of the equations derived by Loeb et 
al [248] describing the water transport through an FO membrane (equations 5-1 and 5-2).  
   
 
 
   
      
          
    (5-1) 
   
 
 
   
         
       
    (5-2) 
The two equations describe dilutive and concentrative ICP, respectively. A and B are the 
water and solute permeability of the membrane, and can be obtained by RO experiments. The 
resistance to diffusion within the porous support layer (K), defined by equation 5-3, depends 
on the thickness, tortuosity and porosity of the support layer, or in other words the structural 
parameter (S).  
  
  
   
      
 
  
    (5-3) 
Therefore, as was mentioned in the previous chapters and as visible from the above 
equations, flux in FO will heavily depend not only on the applied osmotic pressure difference 
across a membrane, but also on the diffusivity of the draw agent, membrane permeability and 
structural parameter, and salt leakage. 
The latter is discussed in detail by Phillip et al [250]. To quantify the reverse draw flux 
through an FO membrane they use mass balance equations of the draw in the support layer of 
the membrane assuming that fluid flux (Jw), draw flux (Js) and diffusivity (D
s
) within the 
support layer are constant within the support layer.  
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Figure 5.1: Concentration profiles within a FO membrane when the active layer of the membrane 
faces the feed solution (adapted from [250]) 
Having in mind the concentrations across an asymmetric FO membrane, the active layer of 
which is contacting the feed solution (Figure 5.1), the support layer the draw mass balance is 
written as:  
   
 
  
    
   
   
   
  
  
         
  
 
  (5-4) 
After integration of equation 5-4 with boundary conditions:  
        
                     (5-5) 
Gives the following expression for the draw solute concentration profile within the support 
layer:  
  
    




        
       
     
  
   
    
    
     
  
   
   (5-6) 
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The total draw flux can then be obtained using this concentration profile equation:  
  
     
  
  
        (5-7) 
And substituting equation 5-6 into equation 5-7 gives:  
  
  
       
     
  
   
     
    
     
  
   
     (5-8) 
In case the feed solution is de-ionized water, i.e. CFS=0, the flux through the active layer of a 
membrane can then be written as:   
  
   
  
  
   
          (5-9) 
and related to the flux across the support: 
      
    
       (5-10) 
Assuming equal chemical potential across the interface (z=0) the draw solute concentration 
on the active layer of the membrane can be written as: 
  
     
        (5-11) 
where H is a partition coefficient describing the relative concentration of solute in each 
phase.  
Using equations 5-8, 5-9 and 5-11 the reverse draw flux can be expressed terms of bulk 
concentration of the draw:  
   
     
     
    
   
     




     
     
  
 
     
   
 
 
  (5-12) 
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The S and B parameters here are the membrane structural parameter (S), which describes the 
distance a solute molecule must travel through the support of the membrane in order to reach 
the active layer of the membrane, and the active salt permeability coefficient (B). S can be 
obtained by FO experiments with a membrane with known permeability, and B can be 
obtained experimentally by RO filtrations of the given solute. Generally, B is calculated from 
the equation:  
     
   
 
      
  
   
      (5-13) 
where KRO is the mass transfer coefficient in the RO system, Jw and R correspond to the 
permeate flux and rejection. Examining the above written equations the authors conclude that 






          (5-14) 
This is a very interesting conclusion as it means that the reverse salt flux through an FO 
membrane will be independent of its structure (S parameter) and the bulk draw concentration. 
A high concentration of the draw agent will mean increased water flux, but in the same time 
the driving force of the reverse draw flux will also be higher. The conclusions of Phillip et al 
[250] however indicate that the water/salt flux ratio should remain constant regardless of the 
applied osmotic driving force. A high performing FO membrane will therefore not only have 
low S parameter to minimize ICP and maximize water flux, but it will also be highly 
selective, i.e. high A and low B values.  
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5.2.2.  Existing forward osmosis performance models 
The fundamentals of mass transfer in FO have been studied in numerous reports, the most 
interesting of which are discussed below.  
Jung et al [251] present a model similar to the one used later in this chapter to simulate FO 
performance in different process configurations. The authors report spatial variation of 
concentration and flux distribution within their two dimensional model. This variations cause 
a different diffusion load on the membrane, which in a real membrane element can translate 
into a specific fouling pattern on the membrane. Another conclusion from their work is that 
performance of the overall process is much more sensitive to the performance of the FO 
membrane and the influence of ICP, rather than external concentration polarization effects, 
i.e. process parameters such as fluid flow rate, etc.  
Gu et al [252] investigate numerically the performance of FO in plate-and-frame and spiral-
wound modules. They have obtained similar flux magnitude for both module configurations, 
and again according to their conclusions the reason for this is that the main flux limitation is 
ICP, rather than hydrodynamics related external mass transfer coefficient. And although the 
fact that FO performance is dominated by ICP research on minimizing external CP effects 
and optimal design of draw and feed spacers is needed. Park and Kim [253] for example 
evaluate in detail the influence of spacer type on the performance of FO. It is concluded that 
in contrast to the RO process, CP effects in FO can be mitigated more efficiently by boundary 
layer compression, rather than boundary layer disruption. The reason for this is that in the 
second case (boundary layer disruption) a dead zone exists near the location of the spacer on 
the membrane surface. Since CP effects are significantly more severe in this zone, the local 
flux is significantly decreased. They also demonstrate that the use of a submerged spacer not 
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attached to the membrane surface results in the best FO performance. The development of 
such a spacer for practical use however will be challenging.   
Another interesting simulation work by Li et al [254] presents an interesting alternative 
approach to mathematically describe the internal CP effects in FO, by approximating the 
support layer of a membrane with by a well-defined network, providing spatial domain of the 
topological structure.  
Sagiv and Semiat [255] develop and report a steady-state finite element analysis model of 
forward osmosis desalination. Their main conclusions, among others, are that CP on the draw 
side of the membrane results in major flux decrease. According to the authors optimizing the 
draw solution concentration can therefore result in increased effective driving force and 
reduction of the resistance to flux.  
Finally Gruber et al [256] have developed a computational fluid dynamics model describing 
the water transport in forward osmosis. Their results confirm the general agreement for the 
nature and occurrence of ICP in forward osmosis, and that it is the main influence on water 
flux in forward osmosis, at least in most cases.    
5.3.  Objectives  
The main objective of the work presented in this chapter is to evaluate whether a combined 
FO-NF process can rival RO in terms of required membrane area, volume and weight, as it 
was discussed earlier that the main project aim is to develop and evaluate the feasibility of an 
alternative to RO process for off-shore based seawater desalination. 
The first objective therefore was to apply a FO performance model in order to obtain flux 
estimates for a simple membrane module configuration, to evaluate the process performance 
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in different flow configurations, to determine if significant improvements could be achieved 
by a change of the used draw agent or by using one of the membranes discussed earlier in this 
thesis.      
5.4.  Results and discussion  
5.4.1.   Formulation of forward osmosis performance model  
A model similar to the one reported by Jung et al [251] was used to evaluate fluxes in FO and 
estimate required membrane area for seawater desalination by FO-NF. As represented in 
Figure 5.2 the length (zmax) of a leaf in a spiral-wound membrane module was divided into i 
cells as  
             (5-15) 
thus the area and volume of a single cell is   
          
  (5-16) 
          
  (5-17) 
where L and h denote the width of the membrane leaf and the height of the channel. 
Hydraulic diameter for the feed and draw side of the membrane (HDS and HFS) and given 
values of L and h was calculated as  
    
       
     
   (5-18) 
The draw and feed solutions were always considered to be flowing in parallel channels and 
two cases regarding the number of draw and feed channels were considered. In the first case 
n/n (or 1/1) number of channels were considered, i.e. draw solution flowing in a channel is 
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contacting the feed solution flowing in one other channel. The second case denoted as n/n+1 
(or 1/2) a draw solution flowing in a channel was considered to be flowing in between two 
feed channels. Obviously in case of a single draw channel and two feed channels the actual 
membrane area will be twice as high as the required membrane area for 1/1 configuration. To 
avoid confusion the reported estimates are based on the area of a single element instead.  
 
Figure 5.2: Schematic representation of the main model assumptions 
The FO flux estimation procedure follows the algorithm presented in Figure 5.3.  The number 
of channels for the solutions was used to calculate solution flow rate and fluid velocity (uDS 
or uFS, m.s
-1





) were calculated for the initial concentrations, after which initial values 
for the Reynolds (Re) and Schmidt (Sc) numbers were obtained as  
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       (5-19) 
   
 
  
    (5-20) 
 
 
Figure 5.3: Calculations algorithm 
The external mass transfer coefficient (Kext, m.s
-1
) on each side of the FO membrane was 
calculated from either of the two Sh=f(Re, Sc) relationships (equations 5-21 and 5-22) 
depending on the value of Re for the given solution.  
     
   
 
                        for Re > 2100  (5-21) 
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       for Re <= 2100  (5-22) 
With the obtained external mass transfer coefficients the FO flux was calculated as  
    
   
 
   
      
          
            (5-23) 
where S=t.ε/τ is the membrane structural parameter (m), B (m.s-1) and A (m.s-1.bar-1) are 
solute and water permeability values for the membrane, πDS and πFS (bar) are the osmotic 
pressures of draw and feed, calculated as  
                                                                                  (5-24)  
where C (kg.m
-3
) denotes concentration and ϕ (bar.m3.kg-1) is the osmotic pressure coefficient 
of draw or feed. The osmotic pressure of each solution was corrected with the value of the 
external mass transfer coefficient.  
Pressure drop (Δp) for each channel was calculated by one of the following equations.  
      
       
  
         (5-25) 
       
            
  
    ,  
where   
 
          
 
   
  
    
  
 
   
  
  (5-26) 
The first equation used by Jung et al [251] however yields minimal pressure drop values, and 
therefore the latter equation was used for calculations. The friction coefficient (λ) is 
dependent on the values of Re, when Re is low, and the smoothness of the contacted surfaces 
(ε) and at high Re numbers λ becomes independent of Re as the term              
approaches 0.  
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After obtaining the FO flux value for a given position along the membrane length (zi) the 
fluid velocities and concentrations were recalculated, and the calculation procedure was 
repeated for zi+1=zi + Δz, until the initially set overall membrane length (zmax) was reached.  
Forward osmosis fluxes were in all cases estimated for AL-FS process configuration (or FO 
mode). The FO flux in this case, described by equation 5-1, can be obtained using Lambert W 
function [257] (the inverse function of f(W)=W.e
W
), or simply by using iterative procedure. 
As indicated on Figure 5.3 the second approach was preferred as it is easier to code and 
quicker to compute.  
The model was coded in MatLAB and is available in Appendix A. The used osmotic pressure 
coefficient values, along with the used solution density, viscosity and solute diffusivity as 
function of concentration can be found in Appendix B.  
Unless otherwise specified 50 and 28 bar initial osmotic pressures were used for draw and 
feed respectively. A typical maximum operational pressure for conventional nanofiltration 
membranes is 40 to 50 bar and therefore the initial osmotic pressure of the draw will not 
exceed this value in case NF is used for draw recovery.   
All calculations were carried out for the commercially available CA membrane produced by 
HTI. As mentioned earlier (Chapter 2) the reported pure water permeability and structural 








 m, respectively. The 









 m. The performance of the HTI TFC membrane is therefore 
worse and the membrane was not considered during calculations. High rejections (95% and 
above) are usually reported for HTI CA, therefore the salt permeability coefficient in the 
equation governing FO flux was always considered zero.     
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5.4.2.  General considerations   
To demonstrate the influence of the draw agent on the performance of FO desalination the 
previously described model was changed. Instead of pre-defining zmax the MatLAB code was 
re-written to continue iterating the FO flux until the condition πDS=0.9πFS, or in other words 
when the system is close to osmotic equilibrium. The calculated membrane areas, in co-
current mode for each draw agent with HTI CA membrane, are presented in Table 5.1. Fluxes 
in each case, along with required element area against πDS/πFS ratio, are presented in Figure 
5.4. External mass transfer coefficients were calculated for empty channel at every iteration 





Table 5.1: Estimated element area (in m2) needed to reach osmotic equilibrium between different 
draw agents at 50 bar initial draw osmotic pressure and sodium chloride feed with 28 bar osmotic 





Area with HTI CA membrane 
A=1.5 Lm-2.h-1.bar-1 
S = 4.27 x10-4 m 
n/n n/n+1 
MgCl2 59 11.50 7.98 
K2SO4 180 
(1) 11.50 7.98 
NaHCO3 113 
(2) 11.84 8.20 
Na2SO4 151 10.26 7.04 
NH4Cl 58 7.32 5.18 
(NH4)2SO4 132 12.40 7.08 
NaCl 63 8.84 6.20 
(1) Maximum solubility is 111 g.L
-1 
at 20°C; (2) Maximum solubility is 96 g.L
-1 
 at 20°C 
 
The flux and required element area for counter-current FO, obtained also with external mass 
transfer coefficients calculated for empty channel, are presented in Figure 5.5. Only MgCl2 
draw agent, providing 50 bar initial osmotic pressure was considered in this case, sodium 
chloride feed with initial osmotic pressure of 28 bar was considered.     
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Figure 5.4: Element area required versus ratio of osmotic pressure of draw and feed solution for 
different draws, and corresponding fluxes. A – HTI CA membrane, 1/1 channels; B – flux with HTI CA 
membrane 1/1 channels; C – HTI CA membrane 1/2 channels; D – flux with HTI CA membrane 1/2 
channels. Initial osmotic pressures are 50 bar and 28 bar for draw and feed respectively. Co-current 
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Figure 5.5: Flux and required element area in counter-current FO 
External mass transfer coefficient x10-5, m.s-1

















Correction for draw ECP
Correction for feed ECP
ECP on both sides of the membrane
 
Figure 5.6: FO flux as function of external mass-transfer coefficients. Considered is HTI CA 
membrane 1/1 channels, MgCl2 draw (50 bar osmotic pressure) and NaCl feed (28 bar osmotic 
pressure)   
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Finally considered is the influence of the external mass transfer coefficients. As demonstrated 
in Figure 5.6, FO as any other mass transfer process can suffer from non-ideal 
hydrodynamics and become limited by low external mass transfer coefficients. Therefore 




 and higher are 
desired.   
5.4.3.   Required membrane area for forward osmosis - nanofiltration   
Based on the information presented above it can be concluded that:  
- Depending on the properties of the FO membrane significant process improvements 
can be achieved by changing the draw agent. For example 2.5 to 4 m
2
 are needed to 
achieve πDS/πFS =1.4 with HTI CA and NH4Cl draw, while if Na2SO4 is used this 
value will almost twice as high.  
- Draw agents such as Na2SO4 seem to offer significantly worse FO performance. This 
is mainly due to their low diffusivity, as low diffusivity of the draw in AL-FS (FO 
mode) orientation of the membrane translates to severe ICP. Therefore magnesium 
chloride was chosen as draw agent for all following calculations as it shows average 
performance when compared to the other draw agents. 
- Optimal recovery ratio in co-current FO seems to be in most cases around 1.4 ratio of 
πDS/πFS. For counter-current best flux per element is obtained at slightly lower ratio.  
- Lower element area values are obtained with n/n+1 configuration and the assumption 
is realistic for spiral-wound modules. Of course the membrane area in a n/n+1 
element is twice as high as in n/n, but in the same time this configuration means 
slightly higher average flux due to the lower feed concentration.   
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- External mass transfer coefficients can limit the FO flux in some cases. The calculated 





With this in mind several cases were considered for estimation of required membrane area for 
production of low salinity water by FO-NF (Table 5.2). Calculated external mass transfer for 
empty channel were used for cases A and B, and for cases C and D the external mass transfer 




. In cases E and F forward osmosis flux was 
calculated without correction for external concentration polarization. Co-current and counter-
current FO process performance was evaluated, with initial osmotic pressure of the draw set 
always to 50 bar.  
The FO flux obtained for HTI CA membrane in cases A and B is presented in Figure 5.7. The 









 m) and also for one of the TFC membranes prepared on defined 






  and structural parameter 1x10
-4
 m 
(see Chapter 3).   
Finally, the calculated required forward osmosis and nanofiltration membrane areas for each 
case listed in Table 5.2 are presented in Figures 5.8 to 5.10.  
Table 5.2: Considered FO flow configuration and mass transfer coefficients for estimation of 
required membrane area for FO-NF seawater desalination 
Case External mass transfer coefficients Flow configuration Number of channels 
A Calculated for empty channel 
(around 0.5x10-6 m.s-1) 
Co-current n, n 
n, n+1 B Counter-current 
C Constant for each element 
(5x10-5 m.s-1) 
Co-current n, n 
n, n+1 D Counter-current 
E 
No correction for ECP 
Co-current n, n 
n, n+1 F Counter-current 
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Figure 5.7: Estimated FO flux in a single membrane element. A – Case A, 1/1 channels, B – Case A, 
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FO area case B (n, n)
FO area case B (n, n+1)
FO area case D (n, n)
FO area case D (n, n+1)
NF area case B (n, n)
NF area case B (n, n+1)
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Figure 5.8: FO-NF required membrane area estimated for HTI CA membrane (permeability 1.5 L.m-
2.h-1.bar-1 and structural parameter 4.27x10-4 m) 
DS/FS
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FO area case B (n, n)
FO area case B (n, n+1)
FO area case D (n, n)
FO area case D (n, n+1)
NF area case B (n, n)
NF area case B (n, n+1)
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Figure 5.9: FO-NF required membrane area estimated for TFC membrane on defined alumina 
support (permeability 1.7 L.m-2.h-1.bar-1 and structural parameter 1x10-4 m) 
DS/FS
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Figure 5.10: Estimated required FO element area in cases E and F for HTI CA membrane (left) and 
TFC on alumina (right) 
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As visible from the figures above best results were obtained for counter-current FO πDS/πFS 
between 1.45 and 1.55. It is also visible that the required membrane area in all cases is high, 
even when FO membrane with structural parameter of 1x10
-4
 m was considered.  
Comparing the required membrane area for FO-NF from the figures above and the volume of 
needed for FO membrane (Table 5.3 and 5.4) to the required equipment weight and volume 
for RO desalination (Appendix C) it becomes clear that a significant improvement in both FO 
membrane and draw agent (or draw recovery stage) is necessary.  
Table 5.3: Estimated FO volume requirements (in m3) considering membrane, feed and draw 
channels for each of the cases listed in Table 5.2  
Case 
HTI CA membrane TFC on alumina (M4.13, see Chapter 3) 
1/1 channels 1/2 channels 1/1 channels 1/2 channels 
A 11,798 10,290 7,266 7,463 
B 11,485 9,899 6,086 5,714 
C 10,221 7,983 3,775 2,969 
D 9,182 2,282 3,417 2,875 
E 9,562 9,631 3,040 3,124 
F 14,657 16,773 4,742 5,504 
 
Table 5.4: Estimated FO volume requirements (in m3) considering only the FO membrane for each of 
the cases listed in Table 5.2 
Case 
HTI CA membrane TFC on alumina (M4.13, see Chapter 3) 
1/1 channels 1/2 channels 1/1 channels 1/2 channels 
A 97.5 168.7 60.1 122.4 
B 94.9 162.3 50.3 93.7 
C 84.5 130.9 31.2 48.7 
D 75.6 37.4 28.2 47.1 
E 79.0 157.9 25.1 51.2 
F 121.1 275.0 39.2 90.2 
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5.5.  Conclusions  
A simple model describing the performance of forward osmosis in FO-NF seawater 
desalination was used to estimate water flux in FO with different draw agents and flow 
orientation. A state of the art FO membrane was considered, along with one of the best 
performing TFC-alumina membranes, which was presented in Chapter 3.  
In each of the cases considered however the estimated requirements of FO-NF desalination in 
terms of membrane area and volume were much higher than these of a conventional RO 
based desalination. Moreover, even when a membrane with much lower structural parameter 
than the structural parameter of the commercially available membrane was considered that 
the required membrane area for FO-NF desalination was still significantly higher than the 
requirements of RO.  
Although FO will require significantly more membrane area than NF in a combined FO-NF 
process, the main reason behind this is that the driving force in the first stage is limited by the 
maximum operating pressure allowable in the second (nanofiltration) stage, although the 
performance in the FO stage can be improved by choosing a draw agent with higher 
diffusivity (less pronounced ICP effects). 
Such a desalination system can possibly offer reduction of the required energy for seawater 
desalination, in case of no pre-treatment of the feed water entering the FO stage. However it 
can be concluded that currently FO-NF is not a very appropriate solution for seawater 
desalination when low system weight, volume and overall footprint are the main 
requirements.  
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Forward osmosis membranes with improved performance, tailor-made draw agents, or 
alternative draw recovery stage might significantly increase the compactness of the FO 
process and make it viable for off-shore based seawater desalination.  
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Chapter 6   
Final conclusions and future directions  
 
 
The thesis presents some of the work carried out on development of forward osmosis 
membranes during the course of the project. Presented are results for the performance of 
asymmetric polymeric membranes prepared from three polymers – cellulose acetate, 
polyimide and polybenzimidazole.  
To investigate preparation conditions resulting in membranes with good structural parameters 
the phase inversion process for cellulose acetate was manipulated by addition of co-solvents 
to the dope solutions, which resulted in various membrane structures – from spongy to 
macrovoid. To improve the separation properties of polyimide membranes, functionalization 
with polyethyleneimine was carried out. Better rejections were achieved also for 
polybenzimidazole membranes after doping with mineral acids. These membranes might be 
useful for applications different from desalination by forward osmosis; however, due to the 
ever present trade-off between separation properties and productivity, integrally skinned 
asymmetric membranes were not used for further experiments.  
The performance of thin film composite membranes in forward osmosis was hindered by 
internal concentration polarization, and in addition, poor separation properties and high 
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variability of the experimental results were observed for almost all thin film composite 
membranes on polymeric supports. The thin film preparation technique was therefore revised 
and potential sources of variability were investigated.  
To improve membrane performance thin film composite membranes were synthesized on 
ceramic supports with well defined structure, ensuring higher forward osmosis fluxes due to 
the low membrane structural parameter. The thin film composite preparation was only 
successful when carried out on top of a sacrificial cadmium nanowire layer and top layer 
delamination was observed in any other case. The thickness of this layer was found be easily 
controllable and depending on the nanowire loading, 50 to 300 nm thick layers were formed. 
Delamination of the top layer was observed when the thickness of the nanowire film was 
below 100 nm. Due to the release of hydrochloric acid during interfacial polymerization the 
layer is believed to be destroyed, and scanning electron microscopy did not reveal any 
remaining nanowires after formation of polyamide thin film composite.  
Atomic force microscopy was employed to characterize these membranes. The obtained 
results, based on power spectral density analysis, gave evidence that interfacial 
polymerization on the sacrificial nanowire layers, coupled with variation of reaction 
conditions (reagent concentrations and reaction time) could be an effective way of changing 
the surface features and morphology of the polyamide thin films. Films with RMS roughness 
varying from 20 to 40 nm were obtained, although, due to the roughness of the ceramic 
support ultra smooth membranes were not obtained. The technique however could be useful 
for investigation of membrane fouling for example, and how it is dependent on the surface 
roughness.  
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These thin film composites were also challenged with organic fouling agent in forward 
osmosis. Formation of fouling cake and cake enhanced osmotic pressure effects are suspected 
to lead to flux decline for some of the tested membranes, as significant flux decline was 
observed when high initial forward osmosis flux was coupled with high reverse draw flux. 
The water flux for other membranes was not affected much. The behaviour of these 
membranes with organic fouling agent in forward osmosis was compared to the behaviour of 
a commercial low fouling reverse osmosis membrane. The latter was used in reverse, as well 
as in forward osmosis in an attempt to evaluate membrane fouling phenomenon in both 
processes. The fouling cake formed on top of each membrane was characterized by atomic 
force and scanning electron microscopy, as well as by nanoindentation measurements to 
evaluate the elastic modulus of the cake in each case. The results obtained strongly agree with 
the available literature data, regarding the membrane fouling phenomenon in forward 
osmosis.       
Finally, to evaluate the feasibility of an off shore based, combined forward osmosis-
nanofiltration process a forward osmosis performance model was used to estimate expected 
fluxes and required membrane area for a variety of draw agents, commercial membrane and 
the membranes produced during the course of the project. Calculations were carried out for 
co-current and counter-current flow through each membrane element, and influence of 
external concentration polarization was evaluated for three cases – when external mass 
transfer coefficients were calculated for an empty channel at each iteration step, when the 
mass transfer coefficients within the membrane element are constant and relatively high, and 
in an ideal case, when forward osmosis flux was not influenced by external concentration 
polarization. The lowest required membrane area was of course obtained when external 
concentration polarization was not considered to affect flux in forward osmosis. Even then 
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however the membrane area required for two-stage forward osmosis-nanofiltration 
desalination is expected to be higher than the requirements of RO. The estimated membrane 
area values suggest that a forward osmosis-nanofiltration might not be a viable alternative to 
reverse osmosis desalination, when minimal equipment size is a priority.  
Based on these estimates the future work on the development of the process can be 
summarized. First, it was demonstrated that the draw agent used, especially its diffusivity, 
can affect strongly membrane performance in forward osmosis. Additionally, a draw agent 
capable of providing high osmotic pressures and which can be recovered by a process 
different from membrane filtration, i.e. by a change of temperature, pH, etc, can be a very 
effective way of improving the performance of forward osmosis. In this case the maximum 
driving force applied in the forward osmosis stage will not be limited by the requirements of 
the second stage, and therefore higher fluxes will be achievable.  
Internal concentration polarization on the other hand, although it can be minimized by low 
membrane structural parameter, will affect the performance of any membrane used in 
forward osmosis. The structural parameter of a membrane depends on its porosity, thickness 
and pore tortuosisty. As porosity and pore tortuosity are values varying between 0 and 1 
significant improvements here might not be possible with conventional polymeric 
membranes. New materials such as graphene on the other hand might make possible the 
production of membranes with thicknesses in the nanometre range and look an interesting 
candidate for forward osmosis. Another possible strategy is the development of high 
permeability membranes, as it was demonstrated that membrane permeability can improve 
flux in forward osmosis, in some cases.  




PhD Thesis – Ruslan Kochanov  
Imperial College London 
 
Also addressed should be the process conditions and design of membrane modules, as it was 
demonstrated that external concentration polarization can lead to further reduction of the 
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Appendix A  
Matlab script for calculation of FO flux  
clear all;clc;   
  
% Module    
    Width=1; %Channel width, m 
    CHd=0.002; %channel height ds,m  
    CHf=0.002; 
    Hd=2*(CHd*Width)/(Width+(CHd)); %hyd diam ds,m 
    Hf=2*(CHf*Width)/(Width+(CHf));  
    Qds=200/(3600*1000); %m3/s 
    Qfs=200/(3600*1000); %m3/s 
    nCHfs=2; %number of channels fs 
    Qd=Qds;  
    Qf=Qfs/nCHfs; 
    smoothnessDS=0.01; %channel smoothness coeff 
    smoothnessFS=0.01;       
 %Critical Reynolds 
    Recrit=2100;         
 %Draw/Feed properties and initial concentrations           
    ocds=0.844; %bar.m3/kg 
    ocfs=0.8042; %bar.m3/kg     
    Cds=50/ocds; %kg/m3 initial concentration 
    Cfs=35; %kg/m3 initial concentration     
    Dds=1e-9; %m2.s-1 
    Dfs=1.47e-9; %m2.s-1     
    rhods=0.9519*Cds+1000; %kg.m-3 
    rhofs=0.7607*Cfs+1000; %kg.m-3     
    visc_ds=0.0009*exp(Cds*0.055); 
    visc_fs=0.0009*exp(0.026*Cfs);    
     
 %FO mem properties  
    FOporo=1; %porosity 
    FOtort=1; %tortuosity 
    FOtness=1; %thickness, m 
    S=(4.27e-4)*FOtness*FOporo/FOtort; %S param, m 
    afo=1.5/(1000*3600);%FO mem PWP m/s.bar 
    bsalt=0; %salt permeability    
 %%%%%       
    ud=((Qd/(Width*CHd))); %inlet fluid velocity in channel  
    uf=((Qf/(Width*CHf)));        
    pdds0=1e5; %inlet pressure, Pa 
    pdfs0=1e5;     
      
    z=0; 
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    pids_z=Cds*ocds;  
    pifs_z=Cfs*ocfs; 
     
    pids=ones(10,1); 
    pifs=ones(10,1); 
    flux=ones(10,1); 
    ptop=ones(10,1);  
    zet=ones(10,1); 
    kefs=ones(10,1);  
    keds=ones(10,1); 
    i=1; 
     
    while pids_z>1.15*pifs_z  
            
    dz=0.01;  
    z=z+dz;      
                     
    %find Re 
    ReDS=ud*rhods*Hd/visc_ds; 
    ReFS=uf*rhofs*Hf/visc_fs; 
        
   %find Kext     
        if ReDS>Recrit  
        Keds=ReDSturb(ReDS,Hd,rhods,visc_ds,Dds);  
        else  
        Keds=ReDSlam(ReDS,Hd,Width,rhods,visc_ds,Dds); 
        end 
     
        if ReFS>Recrit 
        Kefs=ReFSturb(ReFS,Hf,rhofs,visc_fs,Dfs); 
        else  
        Kefs=ReFSlam(ReFS,Hf,Width,rhofs,visc_fs,Dfs);   
        end 
     
    %Find friction coeff 
    DSlambda=frictionDS(ReDS, smoothnessDS);    
    FSlambda=frictionFS(ReFS, smoothnessFS); 
         
    %Find osm press 
    pids_z=Cds*ocds;  
    pifs_z=Cfs*ocfs;  
     
    %Find FO flux per leaf 
      
JFO=solvefluxALFS(pids_z,pifs_z,Dds,S,afo,bsalt,Keds,Kefs); 
        
    %Find pressure drop 
    pdds=pdds0-DSlambda*ud*ud*z*rhods/(2*Hd); 
    pdfs=pdfs0-nCHfs*FSlambda*uf*uf*z*rhofs/(2*Hf); 
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    %out velocity 
    ud=ud+nCHfs*JFO;  
    uf=uf-JFO/nCHfs;  
     
    pp=pids_z/pifs_z; 
    
    %Update conc 
    Cds=(Cds*ud*CHd)/(ud*CHd+nCHfs*JFO*dz); 
    Cfs=(Cfs*uf*CHf)/(uf*CHf-JFO*dz/nCHfs); 
     
    zet(i)=z;  
    ptop(i)=pp;  
    pids(i)=pids_z; 
    pifs(i)=pifs_z; 
    flux(i)=JFO*3600*1000; 
    kefs(i)=Kefs;  
    keds(i)=Keds; 
    i=i+1; 
    
    end 
     
 
 
     
 function [ JFO ] = solvefluxALFS( 
pids_z,pifs_z,Dds,S,afo,bsalt,Keds,Kefs ) 
%FO flux ALFS 
% units  
% Conc ds, Cds kg/m3  
% Conc fs, Cfs kg/m3 
% Osmotic coeff ds, ocds 
% Osmotic coeff fs, ocfs 
% Diffusivity, D m2/s   
% Mem structural parameter S, m  
% Mem PWP a, m/sbar   
% Mem salt perm b, m/s  
step=1e-10; %iteration step 
error=2e-8; %iteration error 
km=Dds/S; %K mem, m/s 
n=0; 
JFO=0; 
while error>= 1e-8  
   JFO=JFO+step; 
   ac=(bsalt*(1-exp(JFO/km))-
JFO*exp(JFO/km))/((pifs_z*exp(JFO/Kefs))*exp(JFO/km)-
pids_z*exp(-JFO/Keds));  
   error=abs(ac-afo); 
   n=n+1; 
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function [Kefs] = ReFSturb( ReFS,Hf,rhofs,visc_fs,Dfs) 
  
       
     %Coeff from Sh=f(Re,Sc) 
    a=0.023;    
    b=0.8;  
    c=0.33;  
     
    ScFS=visc_fs/(rhofs*Dfs); 
           
    ShFS=a*((ReFS)^b)*((ScFS)^c); 
    Kefs=ShFS*Dfs/Hf; 
        




function [Kefs] = ReFSlam( ReFS,Hf,Width,rhofs,visc_fs,Dfs) 
  
       
    e=1.85;  
    f=0.33; 
    ScFS=visc_fs/(rhofs*Dfs);      
     
    ShFS=e*(ReFS*ScFS*Hf/Width)^f; 
    Kefs=ShFS*Dfs/Hf; 
        
 end     
 
 
function [Keds] = ReDSturb(ReDS,Hd,rhods,visc_ds,Dds) 
      
    a=0.023;    
    b=0.8;  
    c=0.33;  
     
    ScDS=visc_ds/(rhods*Dds); 
           
    ShDS=a*((ReDS)^b)*((ScDS)^c); 
    Keds=ShDS*Dds/Hd; 
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 end      
 
function [Keds] = ReDSlam(ReDS,Hd,Width,rhods,visc_ds,Dds) 
      
    e=1.85;  
    f=0.33; 
    ScDS=visc_ds/(rhods*Dds);      
     
    ShDS=e*(ReDS*ScDS*Hd/Width)^f; 
    Keds=ShDS*Dds/Hd; 
     
 end      
 
function [ FSlambda ] = frictionFS( ReFS, smoothnessFS ) 
  













function [ DSlambda ] = frictionDS( ReDS, smoothnessDS ) 
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Appendix B 
Properties of draw solutions used for estimation of required membrane area 











MgCl2 0.8440 1.00  0.0009*exp(0.055*C) 0.9519*C+1000 
K2SO4 0.2775 1.00 0.001+C*1x10
-6 0.7913*C+1000 
NaHCO3 0.4426 0.96 0.0013 0.6711*C+1000 
Na2SO4 0.3309 0.70 0.001+C*5x10
-6 0.8718*C+1000 
NH4Cl 0.8640 2.00 0.0010 0.3149*C+1000 
(NH4)2SO4 0.3802 0.90 0.001+C*2x10
-6 0.5039*C+1000 
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Appendix C 
Weight and volume of commercial spiral-wound and hollow-fiber RO 
modules as specified by the manufacturers  
Commercial RO modules and stainless steel housing 










AD4040FM HR  4 x 40 4 0.22 7.3 1 
AD8040F HR 4 x 40 16 0.95 7.3 1 
AD8040F-400 HR 4 x 40 16 1.03 7.3 1 
AG4040FM CERT 4 x 40 3.5 0.35 7.3 1 
AG8040F CERT 8 x 40 14.5 1.45 108 6* 
AG8040F-400 CERT 8 x 40 14.5 1.65 108 6* 
AK8040F CERT 4 x 40 3.5 0.35 7.3 1 
AK040F-400 CERT 8 x 40 14.5 1.65 108 6* 
* Housing certified for pressures of up to 41 bar, but tested at 117 bar   
RO module weight and volume based on nominal production flow rate (as specified by the manufacturer; 32 g.L
-1
 aqueous 



















AD4040FM HR  3016 3016 60.8 12.1 22.0 34.1 
AD8040F HR 704 704 14.2 11.3 5.1 16.4 
AD8040F-400 HR 650 650 13.1 10.3 4.8 15.1 
AG4040FM CERT 1926 1926 38.8 6.7 14.1 20.8 
AG8040F CERT 459 77 16.9 6.7 8.3 15.0 
AG8040F-400 CERT 402 67 14.8 5.8 7.2 13.0 
AK8040F CERT 1926 1926 38.8 6.7 14.1 20.8 
AK040F-400 CERT 402 67 14.8 5.9 7.2 13.1 
 
RO module weight and volume based on nominal production flow rate (as specified by the manufacturer; 35 g.L
-1
 aqueous 



















HL10255SI 3.95 0.38 x 4.433 550 169 84.5 92.5 
HB10255FI 2.60 0.4 x 3.097 450 258 100 116 
HM10255FI 1.88 0.39 x 2.863 420 355 121 149 
  
